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In outlining this course of study in machine design it has been considered wise to depart from the 
customary methods employed in presenting the subject, i. e., that of dealing with a number of isolated 
problems that have no relation one to the other, and in its place to take up the study of completed 
machines, analyze their mechanisms and design the various details. To design any piece of machinery 
in an intelligent manner it is necessary that the person be acquainted with the conditions surrounding 
that piece in the machine, hence the first thing to do is to analyze the mechanism of the machine and 
find the magnitude and direction of the acting forces ; this will give him some thread and meaning 
to his work. After a general plan has been laid for the work then each individual piece can be taken 
up, in ite logical order and designed to meet the conditions. All parts that admit of theoretical analy- 
sis should be so treated and when such treatment is not apparent, or for some unknown cause can not 
be applied the parts may be proportioned from existing and parallel cases. 

The following pages, are not presented as anexhaustive treatise on machine design but rather 
as a comprehensive analysis of typical machines, illustrating how such work would be handled. 

In compiling the notes, frequent reference was made to the following standard works on Machine 
Design, to each of which the author is indebted for much valuable material. The student should make 
much use of these works throughout the Design Course. 

The Constructor, Reuleaux- 

Elements of Machine Design, Parts I and II, Unwin. 

Machine Design, Parts I and 11, Jones. 

Machine Drawing and Design, Low and Bevis. 

Mechanical Drawing and Machine Design, Reid and Reid. 

Mechanical Engineers' Pocket Book. Kent. 

Cambria and other Trade Books. 



Elementary Machine Design 



Chapter i 



Hato-ials Used in Machine OonsiructicoL 
One of the first qualifications that the machine designer must have, is a thorough knowledge of 
the qualities of the materials ordinarily used in machine construction. It is therefore considered neces- 
sary that a brief discussion of these materials be given. 

1. Iron Ore: — The basis in all the iron and steel production is the iron ore. The various ores 
are: Magnetite, Red Hematite, Brown Hematite and Ferrous Carbonate. These ores vary in color from 
a black to a yellowish brown and have theoretical percentages of pure iron of, from 72.4 to 48.3 respec- 
tively. Of the ores mentioned Red Hematite is of the most importance in the production of pig iron. 
It is found in abundance and contains about 70 per cent of pure iron, 

2. Pig Irtm:— Pig iron is obtained from a reduction of the iron ore in the blast furnace. The 
charge of the furnace is made up of fuel, ore and limestone or flux. The limestone fonns a fusible 
slag with the silica of the ore and is floated off as a scum, while the free iron is taken otf through the 
bottom of the furnace and carried in channels to open molds made in the sand on the floor. The metal 
when run into the small mold, is called a pig, and that in the channel a sozv. 

Pig iron contains a number of impurities, the principal ones being carbon, silicon, sulphur, phos- 
phorus and manganese. 

5. Carbon in iron is found in chemical combination and also in the free state as graphite. The 
pei^entage of carbon seldom exceeds 4 or 5 except in special combinations lucb in manganese and 
chromium, where it is said to be found as high as 7. Oimbined carbon increases the tensile strength 
and the hardness of cast iron but diminishes its ductility. The amount of free carbon has no effect on 
the quality of the iron, but, it indicates a metal having more ductility and less tensile strength than 
where the free' carbon is less. The manipulation of the iron determines to a large degree in which of 
the two states the carbon will be; for example, a piece of iron that has cooled slowly from a melted 
state presents cons: lerable free carbon, but the same piece of iron with the same sum tdal of carbon, 
when chilled or cooled suddenly, presents little if any free carbon. Increasing combined carbon 
generally reduces the silicon. 

4 Silicon unites chemically with iron and is found in all blast furnace irons. Its presence in the 
charge has a tendency to reduce the amoimt of combined carbon in the iron, and to increase the graphite, 
thus softening the iron and making it more fluid. Silicon, alone in the iron, increases shrinkage and 
increases hardness, but by increasing silicon and consequently changing combined to free carbon, as 
would usually be the case, it reduces shrinkage, and softens the iron. The maximum strength, of cast 
iron is probably obtained with 2 to 3 per cent, silicon. 

6. Sulphor unites chemically with iron and is found in all blast furnace irons. Its presence is 
favorable to combined carbon and antagonistic to silicon. It increases shrinkage and a!x>ve .1 per cent 
weakens the casting. Tests have been made that showed iron having small per cents of sulphur to be 
stronger than iron with little or no sulphur in it. 

6. Fhosphcotins in small quantities is found in chemical combination with all blast furnace iron. 
It is not objectionable in small quantities as it makes the metal more fluid, and decreases shrinkage, but 
in quantities above i per cent it seriously weakens the iron without any corresponding benefit. 

7. Manganese combines with iron in almost any proportion. It is originally found in spicgelei- 
sen from 10 to 25 per cent, and in ferro manganese from 25 to 90 per cent. When iron containing 
manganese is remelted, the latter decreases by volatilization. Increasing manganese increases combined 
carbon, increases shrinkage and reduces silicon. It also increases the tensile strength and fluidity mak- 
ing the metal harder and less fusible. 



S The iron obtained by the blast furnace piocess is the basis of all the commercial irons and 
steels. T'le quality and composition of the iron from the various charges differ somewhat and it be- 
comes necessary to assort the iron to suit the special requirements. The classification is usually as 
follows: Bessemer iron, used in the manufacture of Bessemer steel; basic iron, used in the basic 
process of steel manufacture; mill iron, used in the puddhng furnace for the manufacture of wrought 
iron; malleable iron, used in making malleable iron castings; and charcoal iron and foundry iron, 
used for general utility castings and foundry work. 

This classification of the iron may be accomplished in either one of two ways: by fracture, 
which is the more common way, cr by chemical analysis, which is the more scientific way and which no 
doubt gives more satisfactory results. 

9. Cast Iron: — The charcoal and foundry irons, usually called pig irons, are shipped throughout 
the country for use in the foundries as a basis for all gray iron and malleable castings. Pig iron is 
melted in a cupola with a certain percentage of scrap cast iron, and then poured into a mold, thus 
becoming a casting. Pure pig iron makes a casting that is very soft and easily machined, but one hav- 
ing a low tensile strength, hence the pig is usually mixed with other grades of cast iron for commer- 
cial use. 

The process of remelting cast iron has the effect of burning out the free carbon and increasing 
the combined carbon and sulphur. The result of this process is an increased hardness and a more fine- 
ly divided crystalline structure each time it is remeited. This mixing and remelting may be carried 
on through a number of stages from the gray colored pig iron with its open texture, to the while 
cast iron with its fine granular appearance. 

The following summarizes the .^bove statement: 

I High in free carbon ; gray color ; low tensile 
Grades J strength ; soft ; fairly tough ; when melted, is very 
^ ] fiuid and has moderate shrinkage; used in castings 

requiring heavy machining and little strength. 
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{Medium in free carbon ; light gray color ; strong ; 
<'asily machined ; used mostfy on machinery castings. 

II.ow in free carbon ; white ; crystalhne ; hard ; brit- 
tle ; when melted has moderate fluidity and heavy 
shrinkage ; used on heavy machinery castings, cast- 
ings subjected to excessive wear, and castings re- 
'juiring little or no machine work, structural cast- 
ings, etc. 

White f Very close, white granular appearance ; stronger than gray iron 
Cast -l but more brittle; carbon in chemical combination; used largely 
Iron t for conversion into wrought iron and steel. 

10. Gray cast iron is the chief metal in machine construction because of its almost universal 
adaptability. It is more easily and more cheaply formed into intricate shapes than any other metal; 
it resists oxidation better than wrought iron or steel and it has a high compressive strength. It has, 
however! the following disadvantages : low tensile strength : cannot be riveted or welded ; very brittle ; 
very liable to hidden Haws and defects. 

Cast iron may be annealed b\' heating to a light red ami cooling very gradually. Annealing cast 
iron reduces its strength and increases its toughness. 

11. The shape of a casting also affects its strength. It is generally known that the lines of 
strength in a casting, form while cooling. These 
lines are perpendicular to the face of the casting, 
and in an interior angle may be the cause of weak- 
ness. If a casting A. Fig. i should have forces 
applied in the direction of the arrows, the angle at 
/> would be considered unsatisfactory. At b, how- 
ever, owing to a better arrangement of the lines in 
cooling, the strength would be decidedly increased. 

12. Cast iron shrinks about .oi of each linear dimension when cooling in the mold; this qual- 
ity should be remembered by the designer wherever pattern sizes are specified. 
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13. The designer s'/^uld so Proportion a cast- 
ing that the cooling in the mold will not throw an 
imnecessary strain upon any part. In A, Fig. 2, 
the rim of the pulley, being heavy, will set last, 
and in shrinking will cause a heavy compression in 
the arms, with a ct.rrespoiiding tension in the rim. 
pjQ 2. ^^ '^^ arms are weak compared to the rim they may 

be thrown out of their plane, I-n B, the arms 
being heavier than the rim, they will set last and in shrinking will cause a compressive stress in the 
rim with a corresponding tensional stress in the arms. If the arms are stronger than the rim the lat- 
ter will be thrown out of a circle, but if the rim is :^tronger, the amis will crack under any sudden 
blow ; thus relieved, the rim again assumes its circular shape. ■ 

14. The -tvarpage of a casting may be shown _ , _. 

by Fig- 3- The portion a b, because of its relative 
thinness, sets first in a straight line and c d. coonng 
last, will draw a ft, away from the original position 
and cause the face to become convex. Other forms 
of distortion in castings from the same general ^ '"' ^' 

causes might be shown but this one is considered sufRcient, When it becomes a necessity to so propor- 
tion a casting that there will be evident distortion from warpage, the designer may anticipate this dis- 
tortion by building up on the parts thrown out, so that the final casting may have the desired shape.' 
The designer should not overlook the fact, however, that there will be a heavy internal stress 
in the metal whenever warpage exists. The preferred way would be to proportion the casting so the 
cooling strains would be neutralized. 

lis. Wrought Iron: — Mill iron is placecl in a refining or open hearth furnace and melted under 
.T strong blast. Most of the impurities in the iron are burned out as it melts and it finally becomes a 
thick spongy mass at the bottom of the furnace. This is collected in the form of a sponge ball or 
bloom on the end of an iron bar and is taken to a squeezer where the slag or dirt is squeezed out of it. 
After this the bloom is subjected to repeated lleating^:, hammerings and weldings, until it is of a uni- 
form texture, when it is finally drawn out under hammer or roll into the various shapes of the commer- 
cial bar iron. 

Pure wrought iron contains no carbon. It is seldom produced in a pure state because of its 
I'xtreme softness which renders it of little practical value in commercial work. Carbon is the hardening 
ogent. and in some grades of wrought iron it may be found as high as .2 per cent. Where carbon is 
found in excess of this value the metal is classified as a mild steel. 

16. The quality of the wrought iron depends upon, first, the removal of the carbon, and second, 
the care with which the bloom is worked up. The latter determines the grain or fibre of the metal 
The more thoroughly the bloom is worked up the more homogeneous will be the metal and the better 
the quality. Rolling and hammering iron increases its strength because it increases its density, hence 
the ultimate strength of wires and small bars is greater than that of larger bars. When wrought iron 
is rolled cold under heavy pressure it obtains a smnoth polished surface and is greatly increased in 
itrength. 

Wrought iron is tough and elongates about .oooi of its length for each ton of load per square 
inch of section up to the limit of elasticity: beyond this point it elongates much more, the greater part 
of the elongation being permanent. When a bar is broken under tension it usually draws out at the 
point of fracture. This reduction of area is sometimes used as a measure of the fitness of the ma- 
terial to perform certain duties. In comparison with cast iron it is more satisfactory under tensile and 
transverse stress, but less satisfactory under com pressional stress. It cannot be melf-^d and run into 
molds like cast iron but it can be welded and forged into any desired shape. 

Wrought iron cannot be tempered like steel but it may be case hardened by heating to a white 
iieat and covering the surface with cyanide of potassium or ferro-cyanide of potassium and dipping in 
water. The cyanide slightly carbonizes the surface of the metal and givjs it a quality about the same 
as steel. The chilHng of the steely surface by the water, then, actuafly tempers it. 

17. Malleable Cast Iron:— ^^alleabIe castings are obtained in two ways. The first and oldest 
method is by making a cast iron casting from white or mottled charcoal iron in an ordinary mold, and 
ihen subjecting this casting to a high heat in tV presence of iron oxide. The ca-bon in the surface of 
the casting combines with the oxide of iron which surrounds it and leave* the surface of the metal 
with much the same qualities as wrought iron. In the process of decarboniza'ion the castings are 
packed in cast iron or wrought iron boxes with red hematite ore or peroxide of manganese, and piled 
in a furnace; they are then kept at a bright red heat for several days after which they are allowed to 



cool slowly. The second method is by the open hciirth process. Malleable pig iron is melted in the 
cpen hearth furnace under blast. The process of de carbonization is carried on until the metal is of 
about the quality of semi-steel, when it is run into molds. Castings made in this way are of a more 
uniform texture and are stronger than those made by the first process. 

Malleable castings are soft, tough, strong, flexible, and can be easily machined. Good specimens 
may be bent double, but could scarce!)- be bent back jigain. 

18. To make a good malleable casting by the first process the shape should be such as to permit 
the greatest amount of surface in contact with the iron oxide. A thin rectangular, star, or ribbed 
section is better than a square or round section. The effect of decarbonizing is to produce a soft external 
malleable shell around a hard brittle core of cast iron. The thinner the section, the greater will be the 
percentage of malleable iron as compared to the cast iron, and the more tough and flexible will be the 
casting. 

Malleable castings find their greatest usefulness in agricultural machinery, wind mills, small ma- 
chine parts, ornamental work, and car and locomotive work. 

19. Steel:- — Steel is a chemical combination of iron and carbon and may be made by any one of 
three processes: the crucible, the Bessemer and the open hearth process. 

20. Crucible Steel, or cast steel is produced by remelting blister steel (pure wrought iron bars 
heated in contact with charcoal or carbon until it absorbs a certain percentage of carbon) in a crucible 
and (hen pouring in molds. It is also produced by melting pure wrought iron in a crucible with enough 
charcoal and cast iron to introduce the required amount of carbon. 

This grade of steel contains from .4 to 1.5 per cent of carbon, .1 to .75 per cent of manganese, 
.1 to .2 per cent of silicon, .01 to .02 per cent each of sulphur and phosphorus, and is used in mak- 
ing springs, cutlery, machine tools, and such machine parts as require hardening. The best all 
ixound tool steel has about i per cent carbon. Razors, hthe tools, drills, etc., have I to 1.5 per cent. 

21. Bessemer Steel is produced in a Bessemer Converter by forcing a powerful blast of air 
through melted Bessemer pig. When most of the carbon is burned out a small quantity of cast iron 
containing a known amount of carbon is added to bring the carbon of the mixture up to a definite 
amount. This when thoroughly mixed is poured into mjjot molds and becomes the basis for some of 
the cheaper grades of steel, such as, rails, nails, light shafting, merchant bar and some grades of rolled 
plate. 

22. Open Hearth or Siemens-Martin steel is produced by melting a certain amount of basic pig 
iron with wrought iron or Bessemer steel scrap. The composition and manufacture vary somewhat ac- 
cording to the available scrap, the latter being replaced occasionally by iron ore having a known per- 
centage of carbon. Open hearth steel is used in structural work, forgings, car axles and the better 
grades of steel plate. 

23. All soft or mild steels are either Bessemer or Open Hearth. The former is produced more 
cheaply but the quality is sometimes inferior. On account of the cheapness of both these steels they have 
replaced wrought iron in most commercial work. 

Mild steels generally contain low percentages of carbon, say from ,02 to .06 per cent, and ap- 
proach wrought iron in workability. 

The Quality of steel is generally considered from the standpoint of the amount of carbon in it. 
Mild steel is soft, flexible, easily forged or machined and cannot be tempered. Cast steel, or steel 
high in carbon, is hard, rigid, not easily forged or machined and is readily tempered by heating and 
suddenly quenching in water. Exceptions to this are some of the self-hardening steels, as Mushet's 
steel or Hadfield's manganese steel, which harden by heating and cooHng slowly in the air. All steels 
have a higher tensile and compressive strength than wrought iron or cast iron. 

Mild steel may be somewhat hardened by hammering and rolling, as would be true of any soft 
metal, like wrought iron. This is due to the increased density of the surface material from the ham- 
mering or the rolling. 

Steel is annealed by heating to a low red heat and cooling very gradually in a bath of dust, ashes 
or hme. High carbon steel should never be heated above a Ion/ red heat. 

The fracture of steel presents a surface that is white, crystalline and fine grained. It has no fibre 
and usually gives a flat break. 

24. Steel Oasltags: — Steel castings take the place of cast iron castings where great strength is re- 
quired. The quality of the steel is varied to suit the requirements. Castings having about ,1 per 
cent carbon are soft, tough and ductile; while thosehaving .75 per cent carbon are very strong and 
rigid.. Ordinary steel castings contain from .2 to .5 per cent carbon. Silicon varies with the carbon 
in steel castings^ from . i to . 4 per cent ; Manganese from . S to r per cent ; Phosphorus . 5 ; and Sulphur 
from .025 to .05 per cent. 

Steel castings are most often produced by the open hearth process although they may be made by 



both the Bessemer and the crucible process. They are used for sucb work as gears, hydraulic cylin- 
ders, engine frames and parts, locomotive driving wheel centers, large rolls, rolling mill spindles, coup- 
ling boxes, hammer heads and dies and ship and railroad castings. 

Steel castings are more difficult to make than cast iron castings because of the unusually heavy 
shritdcage. They are frequently honeycombed and lack homogeneity, consequently a steel casting is 
usually made much larger than the size of the finished product to allow for sufficient machining. Cast- 
ings high in carbon are less liable to be honeycombed than low carbon castings, 

25. Alloys of Steel : — Some of the principal alloys of steel are Manganese, Nickel, Chromium, 
Tungsten and Aluminum. 

26. Manganese Sled. — Manganese in steel has little effect below '. . 5 per cent, but from i . 5 to 6 
per cent tj'i^ strength and ductility decrease and the hardness increases. At 6 per cent it is very brittle, 
from 6 to 14 per cent the strength and ductility again increases. The ductility is also brought out by 
sudden cooling. The best results with this steel are obtained at about 14 per cent. Carbon is pres- 
ent in about 1 per cent. Manganese steel is free from blow holes, welds with difficulty^ cannot be 
softened, and combines extreme hardness and toughness. The later quality is one not found in any 
Other metal and on account of it makes this steel very valuable tor certain kinds of work. It is used 
for pins in elevator buckets, chain elevator links, jaws and plates on crushing machinery, safes, car 
wheels, axles, etc. The ultimate tensile strength of the best manganese steel is about 140,000 pounds 
per square inch. 

27. Nickel Steel is made by the open hearth process and is used principally for armor plates. It 
is also very often used in commercial forgings and castings requiring very great strength and ductility. 
Nickel combines with steel having .25 to .4 per cent carbon, between the limits of 2.5 and 4 per cent. 
Nickel steel tubes are made containing 30 per cent nickel. It does not crack readily, has a high elastic 
limit ,is non-corrodible, is only slightly magnetic and seems to combine the toughness of raw hide 
with the strength of steel. Nickel steel is about 50 per cent stronger than ordinary steel having the 
same percentage of carbon, 

28. Chrome Steel. — When 2 to 4 per cent of chromium is added to steel containing i to 2 per 
cent carbon, the steel becomes very hard and is able to resist severe shocks. Chromium is often added 
to nickel steel, making nickel -chromium-steel. Its principal use is in the production of armor plate 
and projectiles. 

29. Tungsten Steel or Musket Steel is a self hardening steel, i. e. will harden by heating to a red 
heat and cooling in air. This is one of the important steel alloys. The chemical compositions accord- 
ing to Mr. F. Reiser in "Stahl and Eisen," January 15. 1903, are, in per cents, about as follows: tung- 
sten 5, manganese, 2.5, carbon, 2, chromium 0.5, and silicon 1.3. 

Tungsten Steel is very hard and when hot becomes very brittle. It can only be worked between 
an orange and a bright orange heat, and then with extreme care. It is used chiefly for machine tools 
and since it is so hard that it cannot be worked cold, it is generally produced at the mill in standard 
sizes which require only grinding before using. 

Some tests of tungsten steel by Styffe showed an ultimate tensile strength of 172,000 pounds per 
square inch. 

30. Aluminum combines with steel in any proportion up to 15 per cent. It has no very important 
action upon the mechanical properties of steels when the percentage is low. Above 2 or 3 per cent 
it causes brittleness in the metal 

31. Molybdenum Steel. — The principal use of this steel is in tools. It is also used in large 
cranks, propeller shafts, gun barrels, boiler plates and wires. Molybdenum increases the elongation of 
steel very greatly. This is of special importance in the production of wires. It is usually found in 
combination with the nickel steels. 

32. High Speed Steels. — The exact chemical compositions of high speed steels are unknown, 
except to the makers. According to Prof. L. P. Breckinridge in Bulletin No. '!, University of Illinois, 
on "Tests of High Speed Tool Steels on Cast Iron," the following elements are found in varying 
quantities : Carlxm, tungsten, chromium, manganese, molybdenum and titanium ; the Taylor-White 
steel having as high as 12 per cent tungsten and 4 per cent chromium. 

When these steels were first produced, they were supplied to the trade in an unannealed state, but 
now they are usually annealed. The advantage of the later over the former is that it hardens better 
and is less liable to fail from internal stresses set up by the hammering and rolling process. An- 
nealed stock may be nicked and broken, or it may be forged in an ordinary forge 6re between a bright 
red and a bright yellow heat. It should never be hammered below a bright red heat. To harden this 
steel, it should be heated until it approaches a clear white heat, or at least until the flux begins to 
run on its surface, and then it should be cooled in an air blast, or quenched in a bath of lead or oil. 



The latter is in many i;ases preferred since it makes a tool that is tougher and one that will resist great- 
er shocks. 

In the use of high speed steels a, great increase in the work output can not be expected so long 
as the steel is used in the old design of machines. It is possible to increase the cutting speeds of 
metals as high as 300 or 400' per cent above that of the carbon steel, and as high as 100 per cent aboy^ 
the so-called self-hardening steel. It is possible also, to multiply the size of the cut as many times. 
Under such conditions it is apparent that machines designed for carbon or self-hardening steels will need 
redesigning before they can be successfully forced to the full capacity of the high speed tool. 

33. Copper: — Pure copper is red in color, is ductile and malleable and can be forged hot ov 
cold. It is cast in blocks and is then drawn out under hammers or rolls. Hammering and rolling in- 
wases its strength and brittleness. The latter quality may be removed, however, by annealing. Cop- 
per is anealed by heating and suddenly cooling. It may be hardened by heating and cooling slowly. 
In these particulars it is the opposite of the other metals. Hard drawn wire has about three times the 
tensile strength of cast copper, and is nearly equal to that of mild steel. When hard drawn copper is 
annealed it loses about 25 per cent of its strength. 

It is difficult to get a sound copper casting. Good copper castings may be made somewhat eaaer 
by the addition of i to 3 per cent phosphorus. ' ' ' ' ' 

34 Copper Alloys :— There are a great number of copper alloys. These alloys vary slightly in 
composition, but are known under the general names of bron::es or brasses. Of the bronzes there are 
(^impositions known as Phosphor bronze. Aluminum bron::e, Silicon broiise. and Manganese bronze. 
Of the brasses there are those known as, high brass and low brass. 

Formulas representing each of the above are as follows : 

Phosphor bronze. Copper 89%, Phosphorus r%, Tin 10%. 

Aluminum bronze. Copper 90%. Aluminum 10%, ■ 

Silicon bronze. Copper 96%, Silicon 4%, 

Manganese bronze, Copper 67J4%, Manganese 18%, Zinc 13%, Silicon 0.5% and Aluminum 
1%. 

The following composition, usually termed bronze but sometimes called Gun Melal, is a very 
common one. 

Copper go%. Tin 10%. 

In the brasses, the color usually designates the quality ; high brass, yellow ; low brass, red. The 
first shows low copper and high zinc or tin, and the second shows high copper and low zinc or tin. 

High brass (ornamental work). Copper 65%, Zinc 33%, Lead 2%, 

Low brass (bearing ,etc.). Copper 80%, Zinc 10%, Tin 5%', Lead 5%, 

36, Babbitt Motal: — Some journal boxes, loose pulleys an<l other friction surfaces that are not 
considered of the highest order, are lined with babbitt metal, instead of bronze or brass. This makes 
a cheap and a fairly substantial bearing. Babbitt metal is the cheapest atiti- friction metal known, 
and always contains two or more of the following ingredients: Tin, Copper, Zinc, Antimony, and 
Lead. It is probable that the original formula for this metal was about go'/c Tin, 3% Copper, 7% 
Antimony. 

Copper is not always used because it renders the bearing more liable to friction. Some of the 
cheapest grades of babbitt metal have a large percentage of Lead, This, is usually mixed with Tin 
or Zinc. The ordinary grades sold in the market have a composition of about 45% Tin, 2% Copper, 
13% Antimony, 40% Lead. 



Chapter n 



Notes and Formulas in Elementary Machine Design. 



36. Madiine Desig:n: — ^In taking up the study of the design of machine parts our attention is called 
to the Concrete Side of Mechanism and Mechanics ; Machine Design is an analysis of the definite forces 
actin;^ upon pieces of material which must in turn be designed of sufficient size to resist these forc-.'s. 

37. Eesoluticai of Porcea;— It will be assumed in this text that the student is familiar with the ele- 
mentary work in forees and that a suggestion to review this topic and become thoroughly familiar with 
it wili be all that is necessary here. Design No, i is calculated chiefly from the composition andreso- 
lution of forces hence this topic should be carefully considered. Such a review will ■ contain in detail 
the composition and resolution of forces as given in, K;uleaux, "The Constructor," pages 26-38; 
Chur«-h, "Mechanics of Engineering," pages 1-18; l^w and Bevis, "Machine Design," pages 18-20. 

■ In the above be careful to thoroughly understand and be able to apply the parallelogram, the 
triangle and the polygon of forces. 

The following general statements concerning forces should be well understood; 

(i). Any force has a definite effect on a body no matter if that body is in motion or at rest. 

(2), Any number of forces acting on a body will cause it to remain at rest, or to move in the 
direction of the resultant of the forces. 

Forces act in one of five ways relative to each other : First, in the same straight line, and in the 
same direction, in which case we have the sum of the forces. Illustration, a ship propelled down 
stream under the action of the current and the engines; Second, in the same straight line and in op- 
posite directions in which case we have the difference of the forces. Illustration, the ship propelled 
up stream ; Third, in separate lines that intersect, in which case we have the resultant of the forces,as the 
ship crossing the stream under the action of her engines, and moving down stream by. the current; 
Fourth, parallel forces acting in different lines, and in the same, or in opposite directions ; Fifth, forces 
that are not parallel and do not intersect. 

Conditions one, two and three are comprehended iti the above while the fourth and fifth conditions 
bring in the idea of moments, a subject which will occupy the leading thought in Design No. i, and 
should be considered by all as one of the fundamental principles of machine design. 

38. Moment Of a Force:— The moment of a force is tfic product of fite force and its Irz-cr arm. If 
the force be measured in pounds and the lever arm in feet the moment will be in foot pounds. If the 
force' be in pounds and the arm in inches the moment will be inch pounds. In most macltine design 
calculations the latter would be used. When a system of forces acting on a body is in equilibrium, the 
sum of the moments acting in one direction about any givi n axis is equal to the sum of all the moments 
actm^; in the opposite direction about the same axis. 

Illustration. — Given an imaginary beam having no weight and supporting a weight W as shown 
in Fig. 4. Find the reactions --.t A and B. Taking moments, first about B, and then about A, we have, 

Wb = A{a-\-_ b) 
Wb 

W = B (0 + 6) 

Fia.4. „_'^' 

B = (2) 

0+6 
Also note that A + B = W. (3) 

Equation {3) combined witli either (2) or (l) gives material for the complete solution of the beam. 






Illustration 2. — Taking moments about A. Fig. 5, we have 





w 




w' 








" — 4 


-y- 


4 












\ 








\i 






from which if we remember that W •\- W zz A-\-B 
^'*'- 5- we can get the solution of the beam. 

Note : — If in the above the beam had weight, the bending moment due to this weight would in 
some cases be taken into account. In most problems in Machine Resign the forces acting upon any 
beam are so much greater than the weight of the beam that the latter is disregarded. 

In every exact calculation, however, the weight of the beam should be considered. It will 
be desirable for the student to bear this in mind when the subject is discussed more fully later. 

39. Load: — A load is a combination of external forces acting on a piece of a structure, or machine. 
Illustrations : A weight carried by a rope ; a weight supported on a beam ; power transmitted through 
shafting or belting, etc., etc. 

Loads are classified according to action as dead load, live load, and shock. They are also classified 
as to distribution, as concentrated and distributed. 

A dead load is one that is applied slowly and remains constant. A live load is one that is continu- 
ally changing, but is not subjected to any sudden applications. Shocks are due to sudden applications and 
withdrawals usually alternately in opposite directions. The first and second can well be represented 
as the dead weight of the bridge, and the live load of the train passing over it. The third can be rep- 
resented as the load on the piston rod, or the connecting rod of an engine, A concentrated load is 
one that is applied at one point and a distributed load is covered more or less evenly over the sur- 
face. Distributed loads are commonly uniformly distributed, as for example, the load due to the floor 
of a bridge, also the uniform weight of the floor supports. 

40. Effect of a Load :— When a load is applied to a body it produces a change of form, or 
strain, in that body. It also produces a corresponding stress on the fibres of the material. The cliange 
of form then is known as strain, and is usually expressed as a certain amount per unit of length. 

That internal force which is called into play to resist this deformation is called the stress, and is 
expressed in pounds per square inch. In machine design we are usually concerned with the stress and 
less often have to consider the strain. 

41. Kinds of Stresses : — There are three kinds of simple stresses: Tensional, tending to elongate 
Compressional, tending to shorten and, Shearing, tending to cut the material across the grain, or fibres. 
The following equation gives the relation existing between the load and the stress : 

W = f A. (4) 

where W ^ load applied in pounds, 

/ = stress on the fibres in *"". 
A = area of the section of the material, 
or the "resistance of the section." 
To illustrate the meaning of tension compression and shear; we have first a rod in tension sup- 
porting a weight Fig. 6. (A) where 

W =fA. 
3,000 = ,7854 f 



f = 



l,..«. 1 
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3.000 

.7854 



= 3819.7 nil". 



Second, a block under pressure, (B) where 
IV =fA. 
3,000 =: 4 /. 
3,000 

/ = = 750 «"". 

4 
A bolt or pin under cross strain, (C) where 
W =fA. 
3,000 = .7854 f 
3,000 

f = = 3819-7 «""• 

■7854 



The following definitions should be kept v/ell in mind: 

The ultimate stress in any piece of material is the stress in pounds per square inch that the fibres 
are subjected to at the point of rupture. This factor differs in all materials. 

The Working Stress is that stress in pounds per square inch to which a piece is to be sub- 
jected when it is a part of the machine. This is usually designated. 



f = 



ultimate stress 



factor of safety. 



43i. Pactor of Safety: — The Factor of Safety is the ratio of the ultimate stress to the working 
stress. This is assumed by the designer from his knowledge of the kind of work the machine will perform 
To illustrate: In machine construction every piece sustains some sort of a load. If this load is a dead 
load the piece can be used under a greater fibre stress than if it be subjected to a shock. Consequently 
the factor of safety will be smaller. Conversely, if the piece is under shock the factor of safety should 
be taken large so the working stress would be low. 

It is sometimes confusing, for the person just taking up the subject of Machine Design, to un- 
derstand why the factor of safety should vary through such wide limits in the same material when 
used under different conditions. All materials, when subjected to continued usage, become weaker 
and the ultimate strength, after much service, is less than it was at first. This is moje noticeable in 
materials subjected to live loads and shocks than in those subjected to dead loads. If the ultimate 
strength of new metal be taken as one, then subjecting this material continuously, for a considerable time 
to a live load with stress of one kind only, the ultimate strength may fall to about one-half; also if 
subjected to a live load of equal and opposite stresses, the ultimate strength may fall to one-third. 
Looking at the question from this standpoint, we see that the ultimate strength of the metal is really 
the variable factor. 



TABLE I.- FACTORS OF SAFETY. 



Material 


Dead 
Load 


Live or Varying 
Loads Producing 








Stress of 
one kind 
only. 


Equal alternate. 
stresses of dif- 
ferent kinds. 


Varying loads 
and shocks. 




4 


6 


10 








Wrought Iron and Steel 


' 


5 


8 


12 



In designing any machine part for tension, compression or shear, it is first necessary to know the 
kind and amount of load which the part is to sustain. It is then necessary to know from the char- 
acter of the material involved how many pounds per square inch it will stand before breaking, and 
assuming a factor of safety determine the working stress, or fibre stress f in the formula W t= f A. 
This gives the area of the piece necessary to fill the conditions. 

43, Table II which follows gives accepted values for the fibre stresses of the materials commonly 
used in machine design. It will be noticed that the figures given in some cases vary through wide limits ; 
this is due to the difference in texture between different pieces of the same class of material. The 
designer should take especial notice of this in making his selection. 
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44. Colmniu: — Any piece of material in compression, having a length of 15 or more times its least 
cross sectional dimension, is called a column or pillar. Ordinary rules for compression may not apply 
in such a case. 

The strength of a column varies almost inversely as the square of its length, i. e. if a column is 
designed to sustain a load of 10,000 pounds, and its length be increased twice, it will carry approxi- 
mately 10,000 -~ n = 2500 pounds safely, providing the cross sectional areas remain the same. 

The condition of the ends of a column affect, its capacity to resist buckling. Fig. 7, A is 
square ended; B is pin and square ended, and.C is 
round ended. A may be either flat, as shown, or 
fixed, as in D, E and f. R and C may take the 
forms of (j, H and /. Flat ends should be well fitted, 
otherwise they should be classified as round. 

When the length of a compression member is 
more than 15 or 20 times its least cross sectional 
dimension, it is well to investigate for buckling. 
The following formulas by Rankine give the break- 
ing loads for A, B, and C and apply fairly well to 
columns of any length. 




A. Square ends. 



B. Pin and square. /" 



Fig. 7. 
Where P, P' and P" are the breaking loads (afterwards to be reduced by the factors of safety) ; F, 
the total area of the section; C; the modulus of crushing (ultimate unit crushing strength) ; a, a con- 
stant, given in the following' table; /, the length of the column in inches; and k, the radius of g^Tation 
of the section, in inches. 

TABLE in. 



Solid Sections 


Cast Iron 


Wrought Iron 


Mild steel 


Hard Steel 


C. in pounds per sq. in. = 


80000 


36000 


67000 


114000 


-.' 


1 

e-ioo 


1 
361JUD- 


1 

22000 


1 
T44U0 



For columns having a length of, say, 150 times the least radius of g>Tation, the following, known 
as Balers formulas will give satisfactory results. 



£ ;" . 



P 



(8) 
(9) 
(to) 



Where P, P', P" and / are as stated above : E, the moduliis of elasticity ; and /, /' and /", the moments 
of inertia of the section. From these formulas wehave, with the same cross-section in each, if the 
strength of C — i, then B — 9 -^- 4. Mso, for any definite toacL if the length of C = i, then the 
length of B — 3 -^ 2 and A ^ 2, for columns of the same rigidity. 



( oT— ^ 



46. Connecting rods usually have a rectangular section, Fig. 8. Such a rod is a combination 
of A and C. It can be shown, as follows, that the 
height h should be twice the breadth & to be equally 
strong to resist buckling in either plane. To fulfil 

this condition P = P" or 4 B I ■^r' -i- P = B I" ^^ 

„» -^ f . 4 / := /". then 4 &» A -=- 12 = ^ ft* ITT* 'J !l 

-i- 12 and h = 2 b. Fic. 8. 

In applying the column formulas to machine parts, it is well to first design the parts to resist 
compression, and then, see if they are rigid enough to resist buckling. 

Application. — A sliding ram is connected to the driving shaft of a niachine by a rectangular sec- 
tioned, mild steel connecting rod, 36 inches long. This rod carries 100,000 pounds compressive stress. 
How large must be the section of the rod to resist compression and buckling? 

Assuming this to be a slow moving machine, the safe compressive stress may be taken at lO.OOO 
pounds per square inch. The area of the section then, is 10 square inches. With h ^ 2 b, the section 
of the rod will be 2,25 X 45 inches. Now if the rod is equally strong in both planes, either formula 
A, or C (Rankine) may be applied. Taking the latter we have, 
_ CF 67000X10 



l+4..il " i + ^!_(^6)l 
k* 22UOO 1.69 



= 5SS094 poHiida. 



This shows that the rod has a factor of safety of 588 ,094 -^ 100,000 = 5.8 for buckling, and 6.7 for 
compression. 

46. Bradln;: — Another kind of strain and stress that is very common in machine construction is 
Bending. This deals with the moments of forces rather than with simple pressures, and our formula is : 
M = fZ (5) 

where M = bending moment 

/ = fibre stress in pounds per square inch 

( Modulus of the section, 
2 = ] Resistance of the section, 
' or section factor. 
This formula will be continually used and should be well understood. To make the explanation 
clear, assume a cantilever beam as in Fig. 9, projecting from a wall and acted upon by a weight iV a 
distance / inches from the point of support. It is evident that the beam will be under a strain 

as shown by the dotted lines, with the upper 
fibres in tension, the lower fibres in compression and 
the neutral axis free from stress of any kind. It will 
also be understood that the stress on the fibres at 
any section x y will be in a direct ratio to the dis- 
tance from the neutral axis, consequentlj', it will 
Fic. 9. follow that certain portions of the section will be 

under more stress than other portions. From this point of view the resistance of the section will not be 
in proportion to the area of the section, but to some other factor (Z) called the modulus of the sec- 
tion or section factor. The modulus is found by dividing the moment of inertia of the section by the 
distance from the center of gravity to the outer-most fibre. (See Church's Mechanics, Par. oo) Z will 
be different for different shaped sections. In the reference as given the moment of inertia of a rectan- 
gular section about its gravity axis, is b h" -:- 12. The distance from the gravity axis to the outermost 
fibre is ft-^a where ft is the height of the beam section, consequently, 2& ft* -=- 12 A =: 6 A* -^ 6 which is 
the value of Z in the formula, if the beam has a rectangular section. 

Suppose the beam ts circular in section, the modulus from Par. 91, Church, becomes 



4r 4 \2 / 



32 

47. No attempt will be made in this work to figure out the values of the modulus Z for different 
sections since this is the province of the mechanics, but values of Z are given in the section table IV 
following for all common forms of sections. 



SECTION TABLE IV. Bendino. 



2.598 b= 



VS. 
-2-' 



32\ d, / 



m 



Ll 



ifa"— f'Hb.ff'+a") 



3fa"-f')+b,(f'+a") 



_ (fa— b, ) h'+b, (h— hi )'— 6 A a' 

" 3[2h»(b— b,)+b,(h— h,)'] 

A=bh— b.h, 



2A[ba'+b,a"— (b-b,)f'-(b,- 



' 3[b,h'+(a'-f)=(b-b,)+(a'-fj(b,-b,> 



A=b(a'— f)+b.h,+b,(a'— g) 



a'+f)] 



48. To return to the formula M — fZ again, the value of / is the same as used in(4)and M is the 
bending moment expressed always in terms of inch pounds, as Af = W /, where W = weight in 
pounds, and / = length of the lever arm in inches. 

Application. — Having given a beam as in Fig. lO, where W = 36008 and / = 36" find the size of 
the beam that would be used in each of the following conditions : first, square section set flat ; second, 
square section set diagonally ; third, rectangular section ; fourth circular section ; fifth, equilateral tri- 
angular section. Assume the material to be wrought iron in every case. \i f = 8,000 we have 







/ ^ Area of section = 20.16 "' 

29600 = 8000 &* -f- 6. .Total shear 5" = 3600! 

4.*" : Unit shear fs= 178*"' 

rM^fZ A = 27.04<i" 

(7\-i 129600 = 8000 X .118 /)'. .5" = 3600* 

U=5.2" /5=i33»"" • 

fM - /^z.....:/i = 17.1"" .. ■ 

129600 — 8000 b h^ ~-6 S = 3600 * ; . 

(3)-J assume b = 3" then k — 5./'. .fs — 210*!'" 

If ft -= 2" then h ^= 7" and the area becomes 14"" 
I instead of I7'i"". : 

fA/^/-? :-4 = 2375"" 

(4) J 1 29600 = 8000 * d' -;- 32 5 — 3600 t 

l<'=5-5" f^=.5i«"- 

In the triangular section we have the mod- 
ulus for the base i -^ 12 fc A' and that for the point 
I -^ 24 fr ft*. Taking Z = i -=- 24 6 A', since this is 
the weakest point we have 

(5)^ M = f Z :....^ -28.4 "' 

129600 = 8000 6 A^ H- 24. . . .^^ = 3600 ' 

i.;.'^ 388.8 fs= I37«l'". 

but A = fi cos 30" = .866 b. 
6=8.1"- 

The first four beams were symmetrical in section, that is, the neutral axis passed through the 
center of the section, as shown in 10 of the 16 sections of the modulus table, but when the section, 
area is not uniform as in a tee bar or triangle where the neutral axis is above or bcldw the center of the 
height there is a modulus for each part. The smaller of the two should be taken as the working modu- 
lus. See Par. 90, a, Church. 

The foregoing will serve to show the use of the modulus in figuring beams. It will be noticed that 
the rectangular beam requires the least weight of any of the beams considered. It will also be seen that 
the strength of the rectangular beam varies directly as the breadth, and as the square of the height. If 
the breadth of the beam be doubled the strength is doubled, the weight is also doubled, but if the height 
is doubled the weight is doubled and the strength is" quadrupled. It is an advantage to have beams as 
light as possible for any given strength and by the above a selection ct^n easily be made. If this were 
tried in comparison with the rolled steel forms such as the I beam the latter would give even better 
results. 

49. Maximum Bending Moment: — It will be necessary at times for the designer to locate the 
point in a beam where the maximum bending moment takes place. In a simple beam having two supports - 
and loaded uniformly, or at the middle, it is located at the center of the beam while in a cantilever it is at ' 
the point of support. The point of maximum moment in any case will be where the shear changes from 
positive to negative and vice versa. 

'e find the reactions at A and B to be 878.4 and 721.6 
pounds respectively. Now the shear diagram . 
would be as follows : — from -^ to C 878.4 pounds ; 
from C to D 878.4 — 500 — 378.4 pounds ; from D 
to E 378.4 — 1000 ^= — 621.6 pounds ; from E to 
B = — 621.6 — 100 =; — 721.6 pounds. Hence 
according to our former statement the greatest bend- 
ing moment is at D. The value of this bending 
moment will be 878.4 X 95 — 500 X 45 = 60948 
inch pounds. 

The maximum bending moment of the cantilev- 



Having a beam loaded as shown in Fig. 11, 




Fig. n. 



er beams and the simple beams shown in table V, bring in only the simplest considerations. Other and 
more complicated loadings can be looked up in 

Church's Mechanics of Engineering Pars. 239-290 

Cotterills' Applied Mechanics, Pars. 28-45, i53-'72 

Perrv's Applied Mechanics, Pars. 349-367 



50. Shear: — The shearing load at any section in a beam is equal to the resultant of all the parallel 
forces acting on the beam on one side of the section. To illustrate. Fig. 12 gives the shear at a b, c d, 
and e f = iV tor A cantilever, while for a simple beam the shear at 



_0 



c dis R—W = IV' - 



e f is R— (IV + iV') : 



Fig. 12. 

A beam may fail either by an excess of bending or by shearing. The former is usually the case 
however. If a beam is designed sufficiently strong to resist bending it generally ful611s all the require- 
ments for shearing. Notice the values of / for flexure and shear as obtained in the application Fig. 10. 

In calculating the shear of an I beam it is customary to assume that the entire shear is taken up 
by the web, as b' h' Fig. 13. See Church Par. 256. Knowing this area and the total shear, the value/, 
can be obtained, 

51. Beams Olauifled: — Beams are classified as simple, cantilever, restrained and continuous. 

A simple beam is one which rests upon two end supports. 

A cantilever beam rests upon a support at the middle, or has one end fixed and the other end free. 

A restrained beam- or Hxcd beam, has both ends fixed. 

A continuous beam is one which rests upon more than two supports. 

For illustrations of all except continuous beams see diagrams in Table V. For continuous beams 
see Cases VI and XIV. Page 4, Constructor. 

Wooden beams are usually rectangular in section while steel and wrought iron beams are gener- 
ally as shown in Fie;. 1^. 




Fig. 13. 

The various rolled beams are distinguished by inches in depth of section and pounds per foot of 
length as, a 15" 80* beam. 

62. Relative Strength of Beams :— Table V gives the relative strength of beams carrying a uni- 
formly distributed or a concentrated load. This table was worked out from the following 

Assumptions : — Total load = 2500 pounds ; length of span = 20 feet ; I beam from Cambria = 
12", 35* ; Modulus = 38.0 ; area of web =: 5.28"". 

This table gives the most common forms of the applications of loads to beams. For a continuation 
of the table as applied to unusual sections refer to 

The Constructor Pages 3- 4 

Unwin, (Vol. I.) Pages 54-72 

Low & Bevis Pages ,14-35 

53. Deflection of BeBms : — In some lines of machine design it is not necessary to determine the 
amount of deflection in the various members, in others, however, it would be absolutely necessary, as 
for example, in all forms of testing machines. The formulas given in table V for deflection may be 
applied in such cases. 

In general, the beam member would be calculated in section for strength, first, and then the de- 
flection formulas applied to see if the section will give suflScient rigidity. In some cases, a beam may 
be desired of such a size as will allow of only a certain deflection ; the deflection formula would then be 
applied first, to obtmn /, the moment of inertia of the section, from which the shape of the section would 
be obtained. 




Cantilever Beam 
Concentrated Load 



Cantilever Beam 
Uniform Ixiad 



Simple Beam 
Concentrated Tx>ad 



Simple Beam 
Uniform Load 



Fixed Beam 
Concentrated Load 



Fixed Beam 
Uniform I^ad 



Max. bhear at A. I Max. fiendinK at B 



= 2500 j M = W 1 

=473.4 ; f b = 15788 



= 2500 
= 473.4 



. 1250 
= 236.7 
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54. Selection of Betuns : — It is very convenient in specifying beams of the standard rolled sections 
to refer to such books as Cambria Steel, Jones & Laughlin, and Carnegie, for details of sections, section 
modulus, safe loads and spacing. 

Illustration. — Wanted an I beam to support a ten ton moving load Fig. 14, with an allowable 
fibre stress of 16000 pounds per square inch. 

Referring to Cambria (1903} we find that all figures 
refer to imifornily loaded beams, however, from the 
preceding table it shows that a beam uniformly 
loaded will stand twice as much load as a beam of 
the same span supporting a concentrated load at the 
center. This fact permits the application of a uni- 
formly loaded beam from Cambria carrying a load 
of 40,000 lbs. Page 82 gives a standard special 
Li-109, 15", 80 lb, beam; also on page 84 a stand- 
ill fulfil the same conditions. Refer to page 158 for the properties 
6 for the shajje an<i size of the section. Having obtained the 



^ 



W 



Fig. 



ard B-65, 18", 65 lb. beam whicl- 

of the standard beam and then to __„____... , 

.■rea of the web the value /, may be calculated. In the above case the greatest shear comes on the 

beam when the load is at tlie support then 5" = TOfXiO lbs. From the section the area of the web of B — 

65 is 7,434 square inches which gives A = 2690. 

It should be noted that the fibre stress in this case was used much higher than would be ordinarily 
used in the designing of machine part.";. Suppose some other fibre stress as 10,000, is desired as a work- 
ing stress then the total load would be computed and increased by the ratio of the two fibre stresses. 
The beam would then be selected for this load. To illustrate : 20,000 pounds concentrated at th'i cen- 
ter or 40,000 pounds uniforndy distributed will produce a fibre stress of 16,000 lbs. sq. in. in some 
standard section, then if we select a beam that will support 40,000 X 16 -=- 10 = 64,000 pounds at a 
fibre stress of 16,000 lbs- sq. in. it will support 40,000 lbs at a fibre stress of 10,000 lbs. sq. in. Such a 
beam as found in Cambria, page 85 gives. No. B. 121, 20 in. Standard Special. 85 lbs. 

This can be shown in another way : — 

!tli = Z = 150. which is the modulus for the abore beam as shown on Page 158. Cambria, 
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CHAPTER III 



Notes and FcnrmulaK Oontianed. 
66. W<Mrk: — Work is the result of force in motion and can be defined as the overcoming of resis- 
tance along a line of motion. Illustrations : A weight of 200 pounds is lifted 10 feet ; the work done is 2000 
foot-pounds. A locomotive has an average draw-bar pull in one mile of 2,000 pounds ; tlie work done 
is 10,560,000 foot-pounds. 

Work is independent of time. 

66. Power: — Power is the rale of doing work. Suppose the 200 pound weight was lifted 10 feet in 
one second of time, the power exerted would be 2000 foot-pounds per second. The term power is 
usually stated as horse-power, the equivalent of which is 33,000 foot-pounds per minute ; the above 
illustration would then be 2000 X 60 -=- 33,000 = 3.6 H. P. 

The relation between power and work, expressed as a formula is 
P. V. 

H. P. = (I) 

33.000 
Where P = force in pounds and V = velocity in feet per minute. 

Formula ( i) is the standard horse-power formula and can be used as a basis for all power work. 

57. Yaeergy; — The kinetic energy, K. E. of a body is the ability of that body to do work. This 

quality expressed in terms of a formula is 



K. E. = 



Wv 



2& 



(2) 



where W is the weight of the body in pounds, v is the velocity in feet per second and g ^= 32.2. 

58. Torsion: — The last of the five forces commonly met with in practice is torsion and since it 

relates mostly to the twisting of shafts the discussion of it was reserved until after mentioning the 

subject of Power. 

50. Twiating Nxaneat: — Pig. 15 shows tiiree 
applications of the twisting moment in machines ; the 
pulley, the crank and the gears. In the case of the 
pulley let the belt while transmitting power have 
the two tensions T, and T, then the efEective turn- 
ing force of the belt is P = T, — T^. This acts 
through a lever arm R giving a twisting moment 
P. R. The value P. R. is obtained directly from 
formula (i) as follows: 

P.V. 2irR. N. P. 

H. P. = = 

33000 33000 X 12 




P. R. : 



33000 X 12 X H. P. 



rN. 



Fig. 15. 



N = Revolutions per minute. 

It will be noticed that the moment P. R. de- 
pends only upon the H. P. and the R. P. M. The 
same relation shown above will be true for the 
crank and the gears if P. be constant. 



Shafting and Shafting Supp<»i8. 
60- Eesistance of a Shaft to Torsion:— Any shaft subjected to a twisting moment has its fibres 
subjected to a shear. Imagine two planes ^ B and -4' B' Fig. i6, in contact and perpendicular to the 

center line oif the shaft. If the shaft be held from 
turning; and a force P be applied to the crank the 
tendency will be to turn one plane section on the 
other and the two lines r, s, which coincided be- 
fore the application of the force, now take some 
position as r J and r' s'. The strain and the stress 
are greatest at the outermost fibre and are zero 
at the center. At any intermediate point the strain 
n \C^ i P ^"^ stress are proportional to the distance from the 

\j 1 1 Si^T center, from this it can readily be seen that the 

resistance of the section(Z)is not proportional to the 
area but to some other factor which is found to 
be wd' -^ i6. Notice that in Church Pars. 94 and 219 we find the moment of inertia of a shaft sub- 
jected to torsion to be x r' -9- 2 and if this be divided by r, the distance from the center to the outer- 
most fibre, it gives a- r' -=- 2 or tt d' -^ 16 as stated above, where d is the diameter of the shaft. 

Taking / as the maximum shearing stress and substituting in the formula M ^ f Z we have 
P B = /• Z^ ^ .i%35 d' f 




lb 



d = 1.72^^ = 1.72^T 



(3) 



For a square shaft M =:^ .208 ft' f where b is the side of the square. 

For wrought iron shafts / — 6000 to 9000. 

For mild steel shafts f = gooo to 12000. 

Formula {3) would not be used on shafts subjected to both bending and twisting. 

61. Hollow Shafts :— The value of Z for a hollow shaft subject to torsion is w (rf,* — rf,*)-=- 16 <f, 
where d, is the outer diameter and dj is the inner diameter. This can then be substituted in M = ^ Z 
as above. A very common requirement in machine design is the following: 

Given a solid shaft d inches in diameter, it is desired to replace this with a hollow shaft of equal 
w;ight having rf, inches external diameter. What is the internal diameter?; or the following; Given 
a solid shaft d inches diameter and capable of transmitting .... horse power under stated conditions, 
it is desired to replace this shaft with a light hollow shaft capable of resisting the same twisting 
nionient and having d, inches external diameter: What will be the internal diameter dj? 

if the material is the same in each case we have 

Weight of hollow shaft d,* — dj* 



(I) ■ 



Weight of solid shaft d' 

Which gives d^ := d,° — d,' for equal weights. 

Strength of hollow shaft d,* — d^* 



Strength of solid shaft 
Which gives d' 



d,6* 



for equal strengths. 

Application. — A two-inch shaft is transmitting 33 H. P. at 250 R. P. M. Find (i) Maximum 
twisting moment; (2) maximum fibre stress; (3) internal diameter d, of a hollow shaft 2.5 inches 
external diameter that is capable of resisting the same twisting moment as the solid shaft. 
2:rRN P 

(1) H. P. = ; P. R. = 757o"» = M. 

33000 X 12 
M X d» 

(2) f = -;Z= ;/ = 48o2»ll" 

Z 16 

d* ~ d,* 

(3) d* = ; d, = 2.087" say 2" 

20 




If we wish a hollow shaft to be say 3 inches external diameter and of equal weight we have 
^ rfi* — dj*; d, =: 2.25". A comparison of the above sizes is shown in Fig. 17. 



FlG. 17. 



Equal Strength. Equal Weight. 

62. Oombined Twiflting and Bending : — This combined stress is present in short shafts and in 
shafting and consequently the problem becomes a very important one for the engineer. Most sliaft- 

ing is subjected to a twisting and a bending stress 
simultaneously and would be classed under this 
bead. Take for illustration a piece of shafting 
receiving power as in Fig. 18 with the thrust from 
the belt acting at the point where it will produce 
the greatest bending moment, i. e., midway between 
— I |i the bearings ; we have a shearing stress in the fibres 

' " due to the twisting moment and a bending stress 

due to the pull of the belt. These stresses may be 
combined into an equivalent shearing stress or into 



cCP 




Fic. 18. 
an equivalent bending stress. To reduce to the equivalent shearing stress the method is as follows 
H P X 12 X 33000 



Twisting Moment 



: P. R. = - 



2lN 
8403 

P = = 7oot 



= T« 



Let the total side thrust on the shaft due to the belt — W = 2 X 700 = 1400*. 

T, 
Note. — Assume the ratio — = 3 which may be considered good condition of service ; we 
T, 
then have from Fig. 15. T, — T, = P, and by combinir.g obtain T, = 3 P -i- 2. Since the 
total side thrust from the belt is due to Tj + T, we have 
3P P 

T, + T, = h — = 2 P = W. 

2 2 

According to this the shaft will be supporting 1400 poimds at the center as given above and will have 
a bending moment of 

W 1 1400 X 12 X 8 

= = 33600 "» 

4 4 

From Low and Bevis Par. 135 the following formula is obtained for combined twisting and 
bending. T„ - B. + • B; + T; H) 

Where To =: Equivalent twisting moment. 
Bm= bending moment. 
Tp, = twisting moment. 

Wl 
Substituting in {4) the values of P. R. and we have 



T. = 33600 + V(336oo)' + (8403)' = 68230. 



Substituting this value of Te into formula (3) and taking the suggested value of f from the same 
reference as 9000 we have 

The conditions Just worked through would be very similar to those of a jack shaft or of a shaft 
serving the same duty as a Jack shaft. The shaft is very large because of the unusual bending mo- 
ment. If the bending moment be reduced by making the distance between the bearings less the diam- 
eter of the shaft would become less. Suppose this be made 6 feet instead of 8 feet, our formula would 

then become 

Te = 25200 + V (25200)" + (8403)° = 51765"* 



' 9000 



: 3.0/' say 3" 



The following empirical formulas are frequently used for mild steel shafting: — 
63. High Speed Engine Shaft:— Barr, Trans. A. S. M. E., Vol. 18, Page 756. 






64. Dynamo Shaft:- 



= K, i. 



W 



' R. P. M. 

-e d — diameter of shaft in the armature core. 
W — output in watts. 
Ki = constant depending on output as per table. 



I K. I 



5 



50 
■■3 



100 
1-4 



500 I 1000 I 2000 I 
■■6 I 1.7 I 1.8 I 



66. Counter Sbafts subjected to a heavy bending load :- 
d = 



* R. p. M. 



66. Ordinary Line Kiafting subjected to both bending and twisting : — 

' R. P. M. 

67. lYaDBmission Sbafting in which the only bending stress is that due to its own weight : — 

d^ WnrP - 

^ R. p. M. 

68. Classification of Shafts and Shafting:— 

(Engine Shaft. 
Dynamo Shaft. 
Turbine Shaft. 
( Jack Shaft. 
TransmtsMon Lines \ Lines of Shafting, 
( Counter Shaft. 
Machine Shafts. 

69. Materials Used in Shafting: — Wrought iron and mild steel. Steel shafting is more rigid, can 
be made more cheaply and Is replacing wrought iron shafting to a large degree. 

70. Process of Manufacture: — 

Hot Rolled. — Dark rough surface. 
Cold Rolled. — Bright smooth surtace. 



71. Preparation tor the Market:— 

Black Shafting. — Turned only at journals and couplings ; not much used. 

Bright Shafting. — Turned wrought iron or steel ; cold rolled wrought iron or steel. 

Turned shafting is made from standard hot-rolled rods by turning off -^t inch in diameter. The 
following table gives the standard sizes prepared for the niarket : 

Size of Rod in inches 1 VA iH IH 1J4 ^H IH ^H 2 2>i 2)4 i 

SiM of Shafting in inches jj I,'. Ift Ij'. liV l/i l}i l[i 1|S 2,V 2,'< 2!! 

Cold rolled shafting is made by drawing it through a die the exact diameter of the finished shaft- 
ing. Cold rolled shafting is about 25% better to resist twisting and bending than turned shafting of 
the same diameter and the same material. 



72. Lmgth of ffliafts: — Shafting is manufactured v. 
ahnost any length up to twenty-five feet. 



standard lengths but it can be ordered cut to 



It is always wise in ordering shafting to specify the exact diameter, length, kind of material and 
finish ; as ^o feet of 2 inch cold rolled steel shafting or 20 feet of turned steel shafting i ] I inches actual 
diameter. The reason for this is because the turned shafting is usually rated the same diameter as 
the rough rod from which it was turned; thus a piece of 2 inch turned shafting is l{J inches actual 
diameter. 

The following table taken from Wm. Sellers & Co.'s catalog may be valuable in planning 
shafting lines : 

TABLR VI,— LAYIXG OUT SHAFTS. 
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Wherever it is possible to do so, pulleys should be set next to the journals to relieve the shaft from 
the bending due to the pull of the belt. 

73. Speed of Shafting :—Tlie best speed for shafting lines is 300 R. P. M.This may be reduced for 
iron working machinery to 200 R. P. M. and may be increased for wood working machinery to 400 
R. P. M. 

74. Speed of Counter Shafts :— 

Iron Working Machines 80 to 150 R. P. M. 
Wood Working Machines 200 to 1000 R. R. M, 



7S. Hangers and Bh^t SupportB : — The following diagrams show some of the different methods 
of iupporting shafts. Data referring to these various forms will be found on pages 25, 26 and 27. 
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BAXi AND SOCKET LINE HAKGBRS-e »ni I 



TABLES VII 
A to R. 
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DIMENSIONS OF WALL BRACKETS FOR PILLOW BLOGKS-J 
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DIMENSIONS OF CXJUNTER HANGEIBS-L 
With or Without Belt Shifter Anni. 
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76. Jonm&U : — The average distance from center to center of journals, on Imes of wrought iron or 
steel shafting carrying belts and pulleys, varies from 8 feet on a 2 inch line to 16 feet on a 5 inch lin& 
The maximum allowable distance is 



77. Length of Journal: — The length of the journal is taken from 3d to jjd. 

78. Journal Box: — Journal boxes are made both solid and split. Arrangements for oiling are made 
as follows : first, by gravity feed oil cups ; second, through a wick which dips down into an chI well in 
the box and taps over the top of the shaft ; third, by a ring or chain which spans the shaft and has its 
lower part emersed in the oil in the well. When the shaft revolves this ring or chain moves with it 
thus carrying oil to the top of the shaft. The second and third are called self oiling boxes. Counter 
shafts usually have solid boxes with gravity feed oil cups. Line shafts usually have split boxes ar- 
ranged for either wick, chain or ring oiling. 



BELT THAKSHISSION. 

79. Belt Tranamiiision Ma.terial8: — Belting is classified as to material, as leather, canvas and rub- 
ber, Irfather is the standard beltin_(j for shop and power plant service. It should be kept dry and should 
not bs used in any temperature above 1 10° F. Leather belting is made of strips of leather, which have 
been cut from the hides and joined together by glue or cement, and rivets. To make a thick belt, one or 
more of these layers are glued together hence the classification single, double, etc. For ultimate 
strength of leather belting see Par. 81. 

Canvas belting is made from a number of layers of canvas stitched together and finally siged. The 
thickness agrees fairly well with that of leather b«lt. It can be used in damp places if necessary. Can- 
vas belting has an ultimate tensile strength of about 5800 pounds per square inch. It is used largely on 
conveying machinery. 

Rubber belting gives better contact to the pulley than leather or canvas, and is not affected by 
moisture. It is more nearly uniform in width ana thickness, will stand wide variation in heat and 
cold, and has a tensile strength of about 3500 pounds per square inch. 

The under line of a horizontal belt should be the working line, in which case the sag of the up- 
per line increases the arc of contact. 

Single thickness belts should not be used much over 12 inches in width. 

The efficiency of a belt is affected by the direction in which it operates; a vertical belt being the 
least efficient and a horizontal belt the most efficient. It is also affected by the velocity and the tension. 

80. Velocdty: — Belting is said to give out its ma.vimiim efficiency at velocities between 5000 and 
6000 feet per minute. The best current practice for high speed belts, however, is from 4000 to 4500 
F. P. M, With a given velocity of belt and a known horse power, we can assume a working stress 
per square inch of section and solve for the square inches of belt area. 

81. Fibre Stress: — Concerning the working slrenglh of leather belting many references might be 
quoted, chiefly those in Kent, Pages 876-887. These references however, show such a lack of uniformity 
that it becomes largerly a matter of the judgment of the designer. Tests of belting show an ultimate 
strength of about 4000 pounds per square inch, which, with a factor of safety of lo, gives f — 400 
pounds per square inch as a maximum working stress.This figure varies in practice from 250 to 400 pounds 
and agrees with a turning effort, /> per square inch of section, between 180 and 290 pounds. Kent seems 
to favor a turning force of 275 pounds per square inch, which is equivalent in a single belt to 52 
pounds :ind in a double belt to 86 pounds per inch of width. These figures seem to give results that 
agree well with current practice in cemented or endless belts. 

82. ThickneBS :— The thickness of belting ts usually 

single belt = -^ inch, 
double belt = — inch. 

triple belt = — inch. 

83- Width: — The width of a belt is always determined from the horse power formula.The simplest 
way of obtaining this is as follows: 



Application: — Given a pulley running at 300 R. P. M. and transmitting 100 H. P. with a belt 
speed of 4000 F. P. M. What is the diameter of the pulley and the width of the belt? 
V = 4000 = vDN; D = 4.24' = 51" 
Take the ultimate strength of belting at 4000 S"" and the factor of safety at 10, then / = 400*''". 
IwCt Tj = 3 7",, then p = 406 — 133 = 267*"". This is equivalent to 50 pounds per inch 
in width of single belt and 84 pounds per inch in width of double belt and agrees very closely with 
Kent's recommendations. From the formula 

P V P X 4000 

H. P. = ; 100 = T-; P = 825 pounds. 

33000 33000 

^ ' 16.5" single belt. 



: 3.111' 



10" double belt. 



P 267 

84. Another very satisfactory formula if it is desired to take into account the centrifugal tension 
and the arc of contact of the belt is that given in Kent, Page 878 by Nagle. {For proof of this formula 
see Par. 93. 



550 
C = I — io-«nM*» 

a = degrees of belt contact, 

^ ^ coefficient of friction taken at say .4 
w = width of belt in inches, 
t ^ thickness of belt in inches, 

v ^=. velocity in feet per second, 
/ = stress on belt per square inch of section. 



Take / = 



275 for laced belts. 
400 for lapped and riveted belts. 



(I) 



Table VIII.— Values of C — i — io-«^"#" for tlifferent arcs of contact. 



* =OMff. 






DEGREES OF CONTACT - » 










<)o 


100 


no] 


120 


130 


140 


■,50 


160 


170 1 180 


200 




■5 
20 
25 
30 
35 
40 
45 
55 
60 
00 


.210 
.2;o 

■^2 

•376 
■423 

.467 
.507 
.578 
.610 
.792 


.230 
■29s 
■354 
.408 
■457 

■ 502 
■544 

■ 617 
.649 

■ 825 


■250 
18?! 

■.t 
■536 
■579 

■ 652 

■ 684 
■853 


.270 
■342 
.407 
.467 

■567 

.610 

.684 
■7"5 
■877 


■ 288 

■ 364 
■432 
■494 

■548 
■597 

■ 640 
■713 

■ 744 
■897 


■307 

■ 386 
■457 

■ 520 
■575 
.624 
.667 
■739 
.769 
■913 


■325 
.408 
.480 
■ 544 
.600 
.649 
.692 
763 
•793 
■927 


■342 
■ 428 
■S03 
■567 
.624 
■673 

¥ 
■8.3 

■937 


■359 
■448 
■524 
■590 

■ 646 
■695 

V 

■ 80s 

■ 832 
■947 


■376 
.467 
■544 
.610 
■ 667 
■715 

.822 
.848 

■956 


■408 

■ 503 
.582 
■649 
•705 

■ 753 

■ 802 

■ 853 

■^^ 

■ 969 



Appplying this formula to the above problem we have for o ■:=. 180° and .^ := .4 
[ 400 — .012 (66,66)' I 
550 I 



.715 X 66.66 X Aw 



Page 621. 



■=. 10.5 inches for double belt. 
T= 17,7 say 18 inches for single belts. 
A good short cut rule for finding the capacity of belting appeared in Power, November, 1903, 

29 



Rule — "To find the Horse Power which a given belt mil transmit; Multiply the diameter of 
either pulley in feet by its revolutions per minute and by the width of the belt in inches. Multiply the 
above product by a vaUie ranging from 3 for light single laced b^lts to 8 for heavy double cemented 
belts and point off three places from the final product.' If C 3= constant to be chosen, then 

CXDXR.P. M. Xw 

= H. P. 

1000 

Applying this formula to the above problem we have, if the belt is to be double thickness and is to 
have cemented joint 

100 X 1000 

w = • = 10 inches. 

4.24 X 300 X 8 

The chief difficulty in this will be to assume the proper constant Experience will be necessary 
in determining this constant, but when it is fully established the rule becomes one of easy application. 

All of the above belting rules show the best practice in high speed belting, but if applied to shop con- 
ditions they must be modified decidedly. It must be remembered that most shop belts are laced or 
hooked, resulting in a much weakened belt. The strength of a laced, or hooked joint may be taken 
from 30 to 50% of the value of a solid belt, consequently, if the same factor of safety be used, the 
value of f will be correspondingly smaller. In Nagles formula f :^ 400 for solid or cemented belts, 
and 275 for laced or hooked belts. No real definite ratio can be laid down governing shop belts, but the 
designer must take into account all the conditions, and make every belt a special case. 

86. The sizes of belts leading to machines and counters must conform to the pulley sizes as specified 
by the manufacturers. For the average machine shop with a variety of lathes, planers, milling ma- 
chines, shapers, drill presses and the like, the belts range from 2 to 4 inches single thickness. With 
the introduction of the new self hardening tool steel, the cutting speeds, and the weight of metal re- 
moved per hour are being increased to such an extent as to require a revision of former sizes. This, 
of course, is due to the increased power required to run the machines. 

The speed of belts leading to counters and machines varies from 400 to 1000 F. P. M. ; this is far 
below the most efficient velocity, but is made necessary because of the limitations on the pulley di- 
amaters. 

Belts are manufactured according to the following widths. 

l" to 3" by J4 i"ch variations. 

3" to /' by yi inch variations. 

7" to 24" by I inch variations. 

24" to 48" by 2 inch variations. 

87. Perforated Belts: — The rapid approach of a belt to a pulley forms aa air cushion which re- 
duces the friction of the belt on tiic pulley. To avoid this, belts are sometimes perforated. Link belts 
have this advantage with the additional advantage of flexibility. 

Perforated pullev rims are very common and serve the same purpose as perforated belte. 

88. Belt Fastenings : — Cement, lacing leather, wire and hooks. For an endless belt, cement and 
rivets, cement and stitching, cement and shoe pegs, or cement alone are used. 

It is always advisable to have a cemented j<Mnt on a high speed belt. Proper arrangement how- 
ever, must be made for taking up the stretch. 

Never throw a wide belt onto a pulley from the side, if it can be avoided, there is danger of unduly 
stretching that side. Cement the belt while in place over the pulleys. 

The total stretch of new leather belting is from 6 to 8% of the original length. 



89. Belation Between the Tension in a Belt and the Pressnre on a Fnlley : — In any belt at rest. 

Fig. 20, let T ^= tension in pounds per inch of width 
in each line, and p = normal pressure on the pul- 
ley rim per inch of width, then, 



2T = ri pdscoi6=> CI fiX cose lie 




2r = fiR[smQ'Pr a''<* fi = 



90. Belation BetweMi the Tensions of the Tight and Loose Sides of aWorking Belt in Terms of 
the Arc of Contact: — Let 'J\ and T, be the tensions, respectively, of the tight and loose sides of the 
belt ; also let * be the coefficient of friction, B the arc of contact in ir measure, and a the arc of con- 
tact in degrees, then from Fig. 2i 



dT = dF=^pds- 



-Rd» 




T, 
loge — = * B. bltt since B — 3.1416 a -^ 180 

r, 

r, T, 

we have loge — = -01745 * a and log — — -00758 * a 

T, r, 

from which we get — = lo*"'" 9 " 
Tt 

91- Horse Power Formula in Tenns of the Maximimi Pull on the Belt, T^ and the Arc of Con- 
taot: — Having given the fonnnias 

(A), H. P. = ; (B), P = r, — r„- and (C), — = ID -"'•■♦• 

33000 T, 

T. 
obtain, r, = ; P = T,(,i — io-~""") = T, C 



C3) 



>9^. 



and finally H. P. : 



T,CV 
33000 



(4) 



92. ' Horae Power Formula in Terms of the Thrust on the Beating, 2 T . and the Arc of Oo/Or 
tact:— In addition to the three form«las(A),(B)and (C), assume (D), z r„ = Tj + T, (See Church 
Par. 171), and obtain 

r, = r, (lo-""" '");2 7', = r, (r + io-"""»"); 

zT. 2 

r, = ;P = 2 (T. — r,) = 2r. (I ) 



I 4- 10*" 



I + lO** 



and finally H. P. = (5) 

33000 L 10-'"'''"*'+ I J 

This formula may be especially useful in the design of machines for power measurements. 

93. Home Fow«r FormnlA in Terms of T„ Arc of Contact, and Centrifnsfal Tenaion: — The cen- 
trifugal force of any piece of belting swinging around the centre of the pulley, causes it to push away 
from the pulley rim with a unit force pc ■ Tliis increases the value 7*^ as previously given. From 
a former proof: 

To M v= 

R R 

where M =^ the mass of the leather and v = velocity in feet per second. Then if W = 
weight of a piece of leather i x i x 12 inches (56 -h- 144 ^ .388 pounds), and V ^ velocity in feet 
per minute, 

w V' r .012 v 1 

r.= = (6) 

g 3600 L 3600 J 

Ag:iin, if w = width of belt in inches, and ( = thickness in inches, the pull on the tight side of the belt 
will be increased by the centrifugal tension and 

.012 f 

f tv t = T^ -^- w t. and 

3600 

r .012 y* ■] t 

Then by substituting in (4) we have. 

• C V wt r .012 V-i 

H.P. = f: (7) 

33000 L 3600 J 

By comparison it will be seen that (7) is the same as (i). 

94. Velocity at Which a Belt will Tranamit its Maxinrnm Power: — In (7). substitute f = 400, 
then if the first diflFerential toeflficient is taken equal to zerq 

dH P C wt .036 

d V 33000 3600 

400 X 36000 

V^ = = 40,000,000. 

-036 
V ^ 6300. Feet per minute. 

95. Velocity at Which the Tension, Ihie to the Centrifu^ Force, will Equal the Working 
Strength: — 

In (7) let 400 — 012 V" -i- 3600 then 
y := 1 1000 Feet per minute. 

96. Velocity at Whicdi a Belt Will Break, Due to the Centrifugal Tensi<m:— 
In (7) let 4300 — .012 V -H 3600 then V = 35900 Feet per minute. 

This value is about 50 per cent greater than the bursting speed of solid cast iron pulley rims. 



ROPE TRANSMISSION. 

97. Materials: — Power ropes are made from wires, manilla, hemp, cotton and rawhide. Wire ropes 
are used in cable work for hoists, conveyors and tramways, and fibrous rop2s are preferred for pure 
power transmission. Of the kinds mentioned, manilla rope is the most common. 



98. Vdoaty, Fibre Stress and Size of Ropes : - 
5000 feet per minute for maximiiin efficiency. The 
inch. This is usually spoken of in terms of the dia 
en 250 d'. The size of the rope may vary between 
ers. Probably the most common sizes are t]/i and 

The rope size may be governed, in some cases 
diameter of the smaller sheaves should be at least 

99. Systems :— There are two systems of rope 
ber of ropes running in paratlel over the same pui 
and the American systems which has but one rope 
times as there are desired strands in the drive. It 



-The velocity of a transmission rope should be about 
Abre stress should be about 255 pounds per square 
meter of the rope, as 200 rf". Rawhide may be tak- 
% inch for small powers and 2 inch for large pow- 
V/i inch, 
by the diameter of the smaller sheave, i. e. the 

drives, Fig- 22. A, the English system has a num- 
eys, each rope acting independently of the others; 
looped continuously around the pulleys, as many 
the English system, the breaking of any one rope 




does not seriously disable the system, while in the American, it would shut down the plant. On account 
of this, a close inspection of the ropes must be made at regular intervals to guard against accidents. 
The method of tightening the rope in the latter system, however, gives it an advantage over the former, 
in that there is less slippage between the ropes and the groove and consequently less wear on the ropes. 
For details of design see "Flather's Rope Drives." and "A Little Blue Book on Rope Transmis- 
sion" by the American Manufacturing Company. 

100. Simple Rone Powwr Pormula : — In rope drives having slow speeds, and in such designs as do 
not require extreme accuracy, the following formula will be found satisfactory. Let T^ -i- Tj = 2, 
V = velocity of rope in feet per min., and N = number of ropes in the drive, then P = 7 j -^ 2 = 
200 d' ~- 2 and 

100 d' N V 

H, P. = (8) 

33000 

101. Relation Between the Tensions of the Tight and Loose Sides of a Working Bope, in 
Tenns of the Aro of Contact: — Let be the angle 
of the groove. Fig. 23, (usually taken at 45°), 
then 2 *f, = (* cosec tf -=- 2)/'. Let (* cosec 6 -=- 
2) = /i = equivalent coefficient of friction and sub- 
stituting in (3) ; we bave 



Fig. 23, 
102. Horse Fowm: Formula in Terms of the Mfl-Timi nn Pnli on Uie Ropes, T.., and the Arc of 
Contact:— From (9), as in Par. 89, we have T, (i — io-'>»"';. « ) = 7\ K then " 

T.KV 

H. P. = — (10) 

33000 
lOS. Horse Power Foimnla in Terms of T„ Arc of Contact, and Omitrifugal Tenslcm:— .\s in 
belting we have, if the weight of one cubic inch — .034 pounds. 
JV V^ .32 (f V .0 id^ V 

T =-^ = = (n) 

g 3600 32.2 X 3600 3600 




If Tj = tension in the ropes on the tight side, not counting centrifugal tension, then the riiaxi 
m fibre stress in the ropes under the new condition wiU be 
_ ( 




3600 
then H. P.= 



3600 



same Uws closely. Tlie c 
represented by 



104. Relfttjon Between the Traision and the Sa^ in 
a Bope or Belt: — The amount of sag in a Hexible 
cord may be used in determining its tension. A rope 
'" is very nearly a flexible a>rd and will follow the 

e taken by a perfectly flexible cord hanging over pegs is a catcitary. and is 



f ^SW gi ^g^\ _ c ~\ I'nwin. Page 422. \\'here e is the base of the na 
pcrian system of logarithms. Referring to Fig. 25 this becomes 




(!4) 



If {14) be written in a decreasing series and 
collected to four terms 



-li 



2 + - 



: C + - 



US) 



Fig. 25, 

To determine r when x — ? ~ 2. y — f + /- -^ 8 r ^ c + A and c = T- ^ % h (16) 

It is the property of this curve that the tension ai any point of the curve equals the weight of a 
portion of the rope having a length y' . measured to the point selected. Expressed as an equation, 
T ■^W y. From this we obtain r /« -i 

'/■ = /(/(f + A) ^ if -+/, (16) 

Hh J 
Where / ^= length of span in feet and A ::= deflection of the curve in feet. This equation is sometimes 



r — w 



8ft 



In the above, calculate T as 7', of the slack side of the rope and then find 'I'., from (y). Tbi: 
give r in the general equation. 
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FLY WHEELS AND PULLEYS. 

106. Ply Wheel Pulleys: — ht rlesigninga pulley, the following things must be known :(i), the ve- 
locity of the rim; this is given in F. P. M. of belt velocity or in diameter and R. P. M. of pulley; 
(2), the Horse Power transmitted; (3), the Weight of the pulley rim; {4), Single or double belt. 
Having given the above data with the knowledge of the iise to which the pulley will be put, the fol- 
lowing would be the method of procedure. 

Given an engine pulley with D = 50"; R. P. M. = 250; H. P. = 75; weight of j^m = 650S. 
Find the width of the belt and of the pulley rim and all sizes relating to the rim, arms, hub, shaft, 
and fastening, 

106. Rim: — .Allowing an arc of contact of 180° and a coeflicii'ni of friction of ^ we have. Par. 84, 
w =: 9,4, say 10 inches. Taking the pulley rim one-half inch wider than the belt gives the width of 
the pulley face — 10.5 inches. 

Let the thickness of the rim be ( inches, then the weight of the rim becomes 
W = IT (D — t) .26 t w. 
650 = 3,1416 (50 — t) t X 10,5 X .26 
t = 1.56" 
NoTtj. — This assumes that the radius of gyration extends to a point only half way betweert tlie 
inner and outer surfaces of the rim. This assumption is not theoretically correct, but for all practical 
purposes the error is so slight as to be negligible. See Low and Bevis, Par. 47. The above calatlation 
for the thickness of the rim assumes that about all the weight of the wheel is centered in the rim and 
that the arms need not be considered. This is largely true in engine fly-wheel pulleys. See Church, 
Par. 106. 

107, Amu: — Select the shape of the ann section and calculate the arm as a beam under flexure. If 
this section is oval as shown in Fig. 2(i, the formula becomes 



C^^^-T^^ 




PR 

N 



: .05 b- /. 



where P =^ tractive force of the belt. 
N ^r number of arms, 
b = breadth of the arm at the center of 

wheel if projected to that point. 
f = allowable fibre stress of the metal, 
say 1000 Itn"; taken low because of 
unknown stresses due to centrifugal 
force. 
The sizes of the arm at the rim may be taken at 
about two-thirds of the hub sizes. In the above 
application for a six arni pulley we have, 
P. R.'~~ ■ : 

b =^ I ^ 4. inches. 

Fig. 26. "Ve X .05 X looo - 

From this value of b the other values may be obtained. 

In designing pulley arms the size b at the center is sometimes taken equal to the diameter of the 
shaft and the other proportions as given above. This does not sufEciently account for all the straining 
actions of the belt and cannot be recommended further than as a check on the calculations. 

Straight arms are preferred to curved arms and they should have good, well rounded fillets next 
to the hub and rim. 

108. ffliaft:— Since this pulley is to be used on an engine shaft, the diameter of the hole will be 



■ 7-3 



VrIp 



(, say 4H inches. See Par. 63. 



H. P. 
i.P.M. 

109. Hub:— It is common practice to take the diameter oi the hub as twice the diameteroftheshaft. 
this would be 9J4 inches. The length of the hub should bear some relation to the width of the rim 
or to the shaft diameter. A ratio sometimes used is twice the shaft diameter. A more satisfactorv 
figure would be from two thirds the width of the rim to the full width of the tim. 



STRESSES IN FLY-WHEEL RIMS PRODUCED BY CENTRIFUGAL FORCE. 

110. In any pulley moving at a high rotative speed there is a uniform expansion of the rim which 
tends to increase its diameter, thus producing a uniform tensionai force in the rim section. There is 
also an increased length of the arm, but the expansion of the arms not being sufficient to equal the in- 
creased rim diameter, there is a bending moment produced in the rim between the arms. The uniform 
tensionai stress and the bending stress may each be determined for any section of the rim and then 
combined as follows into a fibre stress f. 

111. Owitriltigal Tensltm (T) : — The magnitude of the centrifugal force is given by the equation 

Wv» 

C.F.^ (I) 

gR 
where W = weight in pounds, v — velocity in F. P. S„ R = radius in' feet, g = 32.2. Let t = 
thickness of rim in inches, w = width of rim in inches, 1 = length of unit arc in inches; then if one 
cubic inch of cast iron weighs .26 pounds, we have 

W = w X t X 1 X 0.26 
For a unit section parallel with the rim, i inch x 1 inch this becomes 
W = I X t X I X 0.26= .26 t 
substituting this value of W in (i) gives C F in pounds per square inch as 

0.26 tv* 
C.F.==p= (2) 

32^ R 

For a cylinder subjected to an internal pressure of p pounds per square inch we have f = p D -i- 
2t, where / = tension produced in the rim in pounds per square inch, D =; diameter in inches and t = 
thickness in inches. Substituting for p the value pven by (2) we have 

0.26 tV*X2X12xR v* 

/ = = (3) 

32. 2R X 3 X t 10.3 

from which we sec that if we neglect the effect of the arms, the stress produced by the centrifugal force 
in a pulley rim varies as the square of the velocity and does not depend on the dimensions of the pul- 
ley. This stress in the rim will be called the centrifugal tension and is the stress that is commonly tak- 
en into account by designers. 



Shauu'ifg Eikct of Qsatiliisol ^si^a 




Fig. 27. 



112. The stresses actually existing in the rim 
when in motion are very difficult to determine. It is 
safe to assume that they are as follows : 

(1) A direct tensile stress which is a portion 
cnly of the centrifugal tension. 

(2) Stresses due to the bending of the por- 
tion of the rim between two adjacent arms. 

To explain more fully, suppose that befg Fig. 
27 A, is the center of the rim of a pulley when at 
rest. If the pulley is put in motion and we ne^ect 
the effect of the arms, centrifugal tension will in- 
crease the circumference as shown by the dotted 
line; but if we take into account the arms and re- 
gard them as allowing the full expansion of the 
it is evident that they must lengthen an amount 
as shown at B. On the other hand if the arms 
were inextensible we would have the condition of a 
beam uniformly loaded as shown at C. The actual 
shape of the rim, however, will be somewhere be- 
tween B and C as shown in D, where the arms 
elongate a distance be and the rim bends an amotmt 
cd. Hence the statement for the stresses which 
actually exist in the rim of a pulley as given above 
when put in a formula is : 



/ = - 



(- = 

{ + ■- 



outside of rim. 
inside of rim 



(4) 



where- / = stress in pounds per square inch at any point. 

T =: tension in rim due to centrifugal force, in pounds. 
A = area of rim section in square inches, 
M ^ bending moment. 
Z — Modulus of section. 
To determine T and M it is necessary to first find the pull F exerted on each a 
-^ 2 is the shear at the point of support. It is very evident that 

W 
F = C — v' 



(5) 



where C is a constant to be determined. Now it can be shown analytically* t'.iat when W = weight 
of a cubic foot of iron = 450 pounds and g =32,2 the value of C is 



>-fi^)'C--^) l 



-\ 

r, = distance in feet from center of hub to outer end of arm. 

r, = radius of hub in feet 

R = distance from center of rim to center of hub in feet. 
A' =: area cross section of rim in square feet, 
A,' = area cross section of arms in square feet. 

a = }^ angle between arms in «■ measure. 
* = angle between arm and a variable point. 
Using the value of F thus determined it gives 

F cos (o — *) 



T = — A'v" — 
S 


2 sin a 


FR I 
M = C- - 


cos (0 — ») 

) 



(«) 



(7) 



(8) 



End / the maximum stress in the rim becomes know 
above to a wheel as shown in Fig. 28 we have fron 



I' 



n by substituting in equation (4). Applying the 
formula (6) , if w =: 60 F. P. S. 
C = .0189 

Substituting this value in (5) we have 
F = 951. 

Substituting this value in (7) for each of the 
igles o, 10, 20 and 30 degrees we have 

0° 10° 20* 30° 

T — 4766 4696 4653 4639 



and — = 298 



293 



291 



289 



Substitute the value F as given above, also if 
(8) and obtain 

0° id" 20° 30° 

M = 146.29 24.63 —50.43 —757 



M 



55- 



-113. 



-170 



*Kor complete U1&I71U i 
Fly Wheela." Luuk. 
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T M 

If now, we subs'itute the values — and — in equation (4) it gives 
A Z 



348 
237 



30 



404 



Iig Inside fibres. 
461 Outside fibre. 



/ = 629 

f = —33 
T M 
Plotting the values — , — and / for the inner and outer fibres of the riin we see Fig. 29 that at 
A. Z ■ . ■ 




Fig, 29. 

about thirteen degrees from each arm the stresses in the outer and inner fibres are equal. It is evi- 
dent then that the rim joints of sectioned rims might well be located at these points. 

113. Forms of Pull^B ; Rims : — Pulley rims and belt-fly-wheel rims are usually made of one of the 
forms A, B and C, Fig. 30. Under favorable conditions with a thick rim section A would be satis- 
.factory ; but if the rim is wide and not very thick the cross bending strain on the rim due to its centri- 




FiG. 30. 



fugal fofce may endanger it and flanges as at B and C are added to support the outer edge. Where 
the rim is of unusual width, two sets of arms may be provided as at D. 

Solid rims have unknown stresses in the metal due to the cooling action in the mold. These may 
be somewhat relieved by making the rim in sections and bolting the sections together. Other 
advantages are to be gained by sectioning the pulleys; the chief ones being, that of handling in its 
production and shipping, and the ease of adjustment to the shaft without removing the shaft from its 
■ bearings. 

Two common methods of fastening the sections together are shown in E an<l F, Fig. 30, E is the 
simplest and is more often found than F but it is not so strong. In the Trans. A. S. M. E. Vol. 20, 
will be found a report of a series of experiments by Prof. Benjamin on the explosion of pulleys run- 
ning at high speeds in which he brings out the following conclusions: 

(i) Fly wheels with solid rims, of the proportions usual among engine builders and having 
the usual number of arms, have a sufficient factor of safety at a rim speed of 100 feet per second 
if the iron is of good quality and there are no serious cooling strains. In such wheels the bending 
due to the centrifugal force is slight and may be disregarded. 

(2) Rim joints midway between the arms are a serious defect and reduce the factor of safety 
very materiaiiy. Such joints are as serious mistakes in design as would be a joint in the middle of a 
girder under a heavy load, 

(3) Joints made in the ordinary manner, with internal flanges and bolts, are probably the worst 
that could be devised for this purpose. Under the most favorable circumstances they have only about 
one fourth the strength of a solid rim and are particularly weak against bending. In several joints of 
this character on large fly wheels, calculation has shown a strength less than one fifth that of the rim, 

(4) The type of joint known as the link or prisoner joint is probably the best that could be de- 
vised for narrow rimmed wheels not intended to carry belts, and possess when properly designed, a 
strength about two thirds that of the solid rim, 

114, Rope pulley rims take the forms shown by Fig. 30. A .^Jid B are typical sections of transmis- 
sion pulley rims for fibrous ropes ; C. is a section of a rim for wire rope transmission ; and D, is the sec- 
tion of an idler pulley rim. Attention is called to the fact that the fibrous ropes wedge in the grounds, 
and wire ropes rest upon the bottom of the groove. Also, that the wire rope groove has a hard wood 
bottom. 

U l.bO »1 — • 







115. Aims : — The section of the arm near the rim and the section near the hub are always mm- 
ilar although the former is only about two-thirds the size of the latter. Of the sections shown in H, 
Fig. 30, I to 6, 2 is the one found in general use on medium sized wheels ; large wheels having arms 
shaped like 4, 5 and 6. Sections i and 2 have an advantage over the others in a wind resistance. This 
in high speed wheels is a factor worthy of being considered. 

116. Hubs: — Hubs in like manner with the rims are made either solid or sectioned. Many wheels 
have solid rims and split hubs, thus with the flexibility at the hub reducing the cooling strains in the 
wheel and providing an easy adjustment to the shaft. In Fig. 32, I shows a typical solid hub section, J 
shows a single cut hub and K a double cut hub. 




Fig. 32. 

A sectioned hub makes it easy to remove the key and wheel from the shaft. In fitting keys to pul- 
leys they are generally placed under an arm. In a sohd hub any arm will do, but in split hubs a k>- 
cation should be taken approximately at right angles to the cut where the tension on the bolt pro- 
duces a clamping action on the key between the hub and the shaft. Keys are sometimes set diagtMial- 
ly ; this however, is not to be recommended. 

117. Shafting Pnlleya: — Pulleys for use on line and counter shafts are made of wood, cast iron 
and steel. Those used on machines are generally made of cast iron. 

The wood pulley is generally split in two parts and bolted around the shaft, being held to the 
shaft by friction. Wood pulleys have found a large use in factories because of the ease with wludi 
they can be applied to or removed from the shaft. They can be had of any standard diameter and 
width of face. Any one pulley can be fitted to shafts of varying diameters by the use of bushings. 

The cast iron pulley is the standard pulley. It is usually made solid although a split ptdley can be 
obtained by special order. The following notes will apply to small, solid cast iron pulleys. 

The diameter D usually varies by inches. 

The width of face B = width of belt + (%" to }i") 

The thickness of the rim, t, = h J4" 

200 

Pulleys should be conedj^j' tOi'i'in diameter for each inch of width, the narrower faces havii^tlie 
heavier cone. 

Tight and loose pulleys used for shifting belts do not need coning. ^ 

Taper the inside of the rim and have good fillets between rim and arms. 

The section of the arm can be calculated as shown in Par. 107. As a matter of fact, however, the 
arms of small pulleys are made much heavier than would be calculated from the forces involved. The 
chief reason for this is that pulleys may be used for any kind of service and must be designed to ¥nth- 
stand the heaviest loads. 

Concerning the number of arms in a pulley it may be said that in general, pulleys below 12 inches 
in, diameter have 4 arms, and above 12 indies, 6 arms. 



HUBS, KEYS AND COUPLINGS. 

118. Standard Hubs: — The following hub sizes of various machine parts, representing the current 
practice of four manufacturing companies, was reported in the American Machinist, January 14, 1904- 



Diameter of Hubs where d = Diameter of Shaft 
Cast Iron. 
Heavy, very great shock 2 d 



Standard medium shock 
Light, no shock 






Cast Steel. 

iJ4 d + H" 
iM d + A' 
154 d + J4" 



Length of Hubs. 
Truck wheels 2 d to 2j4 d Gear wheels 

Hand wheels i^ d to 2 d Bearings 

Levers ij4 d Pullevs 



i^ d to 25^ d 
3 d to 4 d 
Face. 



119, KeTB: — ^A key for a large pulley should be made according to the shape shown in Fig. 26. 
If d = diameter of shaft 
then W = >S d for a six inch shaft. 
W = 34 d for a two iocfa shaft 
h = ?i W to ^ W for a six inch shaft, 
h = ^ W to W for a two inch shaft. 
The key should taper % inch to -,V inch per foot of length. 

The following tables IX, concerning the size of hub keys and key seats, are in current use by 
reputable manufacturing firms. 







TABLES IX. 






lETER OF SHAFT. 




SIZE OF KEY SEAT. 






wn»H "A." 


DEPTH "B." 




iDcbes. 




Inches. 


Inches. 
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IH to 2% 








2ff to 2H 
2rfto 3V 


■". 
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3A to 3X 

m to m 






1 


* 


4Ato « 






l>i 


A 


»Hto 5X 






^K 


H 


5)1 to 6X 


■■ 




IJi 


s? 



8TZ1L KEYS IV SEAFTS. 



si«of sh.ft H-i H-i H-i iiV-»t i-iV->i i-A-iJ iH-H V^-n 2H-H 3A-4 4,V4i m-S^ 

Si«ofKey AAAiiVfAiAtii 

120. Cotiplings: — Pieces of shafting are held together by couplings. Fig. 33 shows the common 
forms. The solid sleeve coupling is very little used except on very light work, the compression coupling 
and the double cone vise coupling are used on shafti ng lines, the flange coupling is used on heavy trans* 
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mission lines such as principal shafts and jack shafts, and the jaw clutch coupling is used on shafts 
requiring frequent disconnections. Tables X, trom catalog; data, will Ik- of value in pniportionin^ the 
parts. 



TLANGE COOPLINO 
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THE DO 


UBLB CONE VISE COUPUNG 


Siiaof 

sh»ft 
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Width 
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of Key 
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1 
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i 
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M 
110 



JAW CLUTCH COUPUKO 
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B 


C 


D 


E 


Incbea 


Inches 


Inches 
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Inches 


Inches 
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y. 
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5» 
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UK 


(. 


S!l 


3r. 
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7 


10 
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11 


*^. 
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I3',4 


23 
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114 
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15 
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10 
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WW 




2SK 


II 


16 
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11 
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12 
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121. Oounter ShaAs: — Counter shaft jounials and boxes differ materially from journals and 
Ikixcs on lino shafts. Counter shafts arc sometimes made from pieces of cold rolled shafting without hcing 




°)ii[:^: 



1) 



Fig. 34. 

turned at the journals, the latter being located by set collars as at C. Fig. 34. The ordinary counter- 
Bhaft however, is turned smaller at the journals thus forming a shoulder and avoiding the necessity of 
a set collar, as at D. 

Journal boxes for counter shafts are qsually solid and babbitted, the babbitt being from J4 inch 
to 14 inch thick. If the box is lo be used with a set collar the babbitt may come flush with the end of 
the casting as at B, but if the journal is shouldered the metal of the box should extend down nearly 
to the shaft as at A. In any case the end thrust of the shaft must be taken up iron to iron. Every 
counter shaft should have a small end play to avoid cutting the end of the box. 



The following may be of value in finding the size of a counter shaft where it is to bear a 
relation to the width of the belt. 

2" Belt Iff- shaft. 

2j^" " I,»8' 



3 



5" 






122. Set Collars: — In all revolving shafts it is necessary to provide a means for taking up the end 
thrust of the shaft. This is done by set collars next the journal boxes. A, Fig. 35, shows their ap- 
plication to two boxes and B, to one. Collars should be located by the side of such boxes as are 
well braced, otherwise the hanger will vibrate and the belts will be set to swinging.. 



B 




* 



) 



E 



The simplest Get collar is shown in Cf. This should not be used in a design because of the danger 
of the workman being caught with the screw. Safety collars as D and E should always be used. 

123. Split Collars are made of the form similar to E. These can be removed or applied to the shaft 
without removing the shafting from the box. 

TOOTHED GEARZNa. 

124, Spur Qeors: — Gear teeth are formed in three ways {. c, pattern and machine molded, and 
machine cut. For large, slow moving or rough work the pattern molded tooth is used ; for a somewhat 
better grade of work where the velocity is not too high and where an accurate mesh is not required 
the machine molded tooth is used ; while for high grade machines requiring high velocities or a good fit 
between the teeth, cut gears are required. Table XI gives the ordinary proportions in use for the three 
kinds of teeth. 

TABLE XI. 



Kind of 

Tooth. 


Addendum 
or Face. 


DedenduR] 
or Flank. 


Clearance. 


Total 
Height. 


Width. 


Space. 


Pattern 
Molded. 


.32 p 


.38 p 


.06 p 


.7p 


.47 p 


.53 p 


Machine 
Molded. 


.32 p 


.38 p 


.06 p 


.7p 
.6764 p 


.48 p 
.5p 


.52 p 


Macliine 

Cut. 


.3183 p 


.3581 p 


.(Mp 


.Sp 



The two forms of gear teeth in general use are the epicycloid and the involute. The latter is 
preferred by many manufacturers. The following sizes for the involute tooth are used by the respec- 
tive companies. 



Brown Hoisting and Conveying Co. 

Addendum ^ A; dedendum = B; radius at root of thread : 
diametral pitch, and p ^ circular pitch. 



R; width of tooth = T; D. p : 



CtU iootk. A= ■' — 
D.p. 



A + B = 



D. p. 



Weliman, Seaver, Morgan Co. 

^ = .3 p; b = .2 p -^ clearance ; T = uff p (cast) 
and .5 p — bV' (cut) ; clearance — ,05 {p + l) (cast), 
and .03 (p + i) (cut). Angle of action — 15°. 

See also, Stahl and Wood's, Mechanism, Page 104. 

The rough cast tooth is made stronger than the machine cut tooth because at times the action of 
the load may be on the comer of the tooth rather than along its whole face. This may be due to the 
poorly shaped teeth in the pattern or to poor alignment in the machine. 

126. Pitch of Gear Teeth: — The force exerted on a tooth is continually changing in value and in 
its line of action relative to the radius of the wheel ; this makes the calculation of the gear tooth a rather 
unsatisfactory problem. In the following it will be assumed that the maximum load on the tooth will 
act at the end of the tooth and that its value will be equal to the total load on the gear. It will also 
be assumed that the tooth has a rectangular section throughout. 

Not one of the above assumptions is exactly correct but each is accepted as being the best approx- 
imation that can be made. In explanation of the above it may be said first, that the maximum load 
W on the end of the tooth acts in a line that is not perpendicular to the line joining the centers of 
the gears although the friction between the teeth has a tendency to bring it perpendicular, how nearly 
this is true in practice is not an easy matter to determine, hence the maximum value is taken ; second, 
the maximum load on the tooth is not known to be the full value of the turning force for instance, if 
the arc of action for a pair of gears in contact is twice the pitch there would be two pairs of teeth in 
contact and the pressure on one tooth would be theoretically -j > but since because of poor alignment, 
springing shafts or irregular shaped teeth the full load may come on one tooth only it is best to design the 
tooth to fill such conditions ; third, the tooth outline is not rectangular but varies from this on ac- 
count of the kind and construction of the teeth, diameter of gear, etc. In some teeth, especially those 
on large wheels the outline will be much stronger while for small gears it might be much weaker than 
the rectangle. As an average the rectangular section is accepted. 

Suppose the worst condition to be when the load W acts at the comer of the tooth Fig. 36, in 
which case the tooth will break along some line as 
ad = X and we have 

wi = 'Aixi' (I) 

Assume both W and t constant then / is a 



maximum 



when — is a maximum. Since / = 



h dnOand x ^ — 



1 cos 6 which is a 



/ 



= ^. 



maximum at 45° and gives - 

Substituting these values I -^ x = yi, and * 




KiG. 36. 
: .47 p from the table, into (i) we have 



= 3-68 



(=) 



For rough gears b ^ 1.3 p to 2 p. 

Next, considering the force W acting along the entir; face of the tooth and perpendicular to it 
fbt^ 
W h = 



from which if f = .47 p as before, ft = .7 p and b = np where n = 3 

/W 

P = 2.S/-^— 
For machine cut teeth with h = .6764 p, t ^ .5 p, b =:; 3 p we have from {3) 

3P/ X (.5P)* 
J6764 p W = and 



(3) 



= ^■33 ^ — 



(4) 



The value of n may vary between 2 and 3. The above value is that which has been in general use. 
The tendency now however, is to decrease b and increase p which would necessarily reduce the value of n. 
A number of formulas for the design of cut spur gears were derived by Mr. Wilfred Lewis and re- 
ported in tbe Proceedings of the Engineers Club of Philadelphia, Vol, X, 1893, p. 16; also the Ameri- 
can Machinist, May 4, 1893, p. 3. These formulas mav be summarized in the following: 
W ' H.P. 

P = and p = (5) 

f b y .000007933 D f b y {R P M) 

where W, f p, and b are as stated above, D is the pitch diameter of the gear in inches and v is a factor 
depending upon the form of the tooth. 

TABLE XII. 











FACTOR FOR STRENGTH, r. 








NUMUH 01 


Involute »)■ 




Radio] 




Involute '«° InYOlu 




Radtal 




Obllqullj. 




Fliuiks. 




Obliquity. CrololdBl. 




12 


0TB 




.(e2 




Ill 


100 
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If in (5), the length of the tooth b is not given, it may be more convenient to substitute for b, 
its value « p and ^ve a value to n. 
When gears have small fillets and the number of teeth N is known 



_ / W N 

^~ ^nf {0.124 N — c 



In each of the above formulas / may be used according to Table XIII, which i 
by Prof. Benjamin after a series of experiments on the breaking of gear teeth. 



(6) 
s closely verified 



Linear Velocity in ft. per min. 


100 or less 


200 


300 


500 


1000 


1500 


2000 


Cast Iron / = 


8000 


6000 


4800 


4500 


2500 


2000 


1800 


Cast Steel f ^ 


20000 


15000 


12500 


lOOOO 


7000 


5000 


4500 



These fibre stresses will appear large when compared with those used in ordinary machine con- 
struction and should not be applied to other than gear work. 
The following formula quoted by Suplee ^ves 

9600000 

/ «= 

F. P. M. -H 2164 

Application: — Given two meshing gears, with pitcli circles approximately 18 inches and 6,5 inches 
diameter, transmitting 25 horse power at a speed of the larger gear of 150 R. P. M. ; what is the pitch 
and the length of the teeth? 



From the conditions as named V = 707 F. P. M. and W = 1167 pounds. Assuming now f = 
3000 and N ^ 50 and substituting in the above formulas it gives for the large gear 

(2) p = 2.28"; b = 4.56" 

(3) P = I.5S"; b = 4.65" 

(4) p = 1.44"; b = 4.32" 

(5) p = 1.08"; b — 3.24" 

(6) p = 1. 12"; b = 3.36" 
and for the small gear (2), {3) and (4). p is the same as above. 

(5) p ^ 1.28"; b = 3.84" 

(6) p = 1.45"; b =3 4-35" 

It is evident from this that (4) and (6) give the same results on pinions of 16 teeth but on larger 
gears (6) gives a smaller value than (4). In any case however, where two gears mesh together both 
pitches must be the same as that required for the smaller of the two, hence in the above application 
the pitch of the large gear would not be considered. 

126. Size of Ctear Arms: — The size of the arm at the center of the wheel may be figured by mo- 
ments, where / — 25005"" : tbe load on the arm =^ JV ~ No. of arms ; and / — radius of gear. Having 
the section at the center, that at the rim is given the usual proportion. 
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Fig- i7 give: 



for 



Klo. 37. 
sections that are sometimes recommended. 



In Fig. 38 A, 



. approxnnate 

127. Bevel Clears: — To determine the pitch diameter, pitch, and number and length of teeth of 
l>evel gears the following based upon the fornuUa of spur gears by Wilfred Lewis, gives fairly good re- 
sults. 

let / = slant height of cone of revolution 
b' = length of beve] gear tooth taken where possible at / -^ 3 
b ^ length of equivalent spur gear tooth 
r ~ b' -^ I 
then from American Machinist, May 31, 1900, 

., _ __b 

- i_r+{j4r') (7) 

Formula (7) is derived upon the assumption that b Fig. 96 A is the breadth of a spur gear of the 

same numbev of teeth and whose pitch <liameter is equal to the largest pitch diameter of the cone of 

revolution -i,-. the bevel gear, hence to plan the bevel gear assume a diameter and find b and p of the 

spur gear, afier which substitute b and r in formula {7) for b' 

If after substituting the value r, say .33, and b -i- I is found to differ much from the assumed 
value of r it will be necessary to assume another value of r or a new diameter for the spur gear and 
solve again. 

Application: — Required a set of mitre gears of approximately 18 inches pitch diameter to transmit 
25 horse power at 150 R. P. M. 

From the application under spur gears p = 1,12 inches and b = 3.36 inches; substituting the 
value b in equation (7) it gives 

336 . , 

b = = 4.7 mches 

I - i + V, 



In a mitre gear as above, I = 12.75 inches and 4.7 -=- iz.75 = .37 instead of .33 as first assumed. 
Now if f be taken at .4 instead of .33 it gives 

3-36 

b' = = 5.1 inches 

I - I + .^ 
and 5.1 -f- 12.75 = .4 which checks exactly. The value of r — .33 could have been maintained by as- 
suming a diameter slightly larger than 18 inches and solving again. 

' The above metho<l works fairly well when the gears are mitre and of moderate size. It does not 
work so well, however, for pinions and gears diflfcring widely in angular velocity. A formula which 
may be more generally applied is the orignal one by Mr. Lewis, ... ' ■ 



D' 



W = f p b' y ■ 



(^ 



sn^ (D- d) 

where f, and p are the same as given in {5) ; IF is the load in pounds on the largest pitch cone; D 
?nd d are the largest and smallest diameters, respectively, of the frustrum of the cone ; b' is the length 
of the bevel gear tooth, and y is taken from table corresponding to formative iiunibcr of teeth, i. c. Ac- 
tual number of teeth X secant a. Where a = s1o]ie of cone. 

In most cases d will not be less than 2 /? -^ 3 and (8) will give good results if taken .. 

d .,■-■"■ 

lV = fpb'y- (9) 

D 

Note.— In applying (8) or (y), it will be found more convenient to assume the gear sizes and 
sblve for the force (^'. If, however, IV is given to find the size of the gear, proceed as follows: find 
/> as in a spur gear; take. / and y from tlie tables; assume D, and by construction find a relation be- 
tween d and b' ; then by substitution either d or b' may be obtained. 

Another method which will give fairly satisfactory resiilts, is to make the pitch and the lengtli of the 
bevel gear tooth, equal to those of a spur gear, whose pitch diameter is equal to the mean pitch diam- 
eter of the frustrum of the cone of the bevel wheel. 

In planning for bevel gears it is customary to locate them either against or tiear to a journal box. 
It will be seen. B, Fig, 38. that in addition to the torsion on the shaft due to the force P, — W, there 
is a bending of the shaft due to the force s which is a resultant of the force m tending to separate the 
gears. It is therefore evident that the nearer the gear is to the support, the less the bending of the 
shaft 




'/""'ii'i'imifi'^ 

Fig. 38. 

The rims of small gears are connected to the hubs by a solid disc as in A. In larger gears 
arms are made as in B and C, The T shaped arm is very common in gear work. The disc part of the 
arm ab is figured to stand the entire turning moment and the web is added to resist the side thrust 
J. B is stronger to resist the bending than C, but the latter is more commonly used because of its 
smooth back which adds safety in operation. It is undoubtedly true also that the rim in C is better 
supported than in B. 

In fitting a shaft to a bevel gear it is usually shouldered as shown in B. 

The thickness of the rim under the tooth may be taken .65 p and the backing c may be taken for 
.ordinary conditions at . _ 

{■,V D +-J4" for gearsbelow 24" diameter, 
% D — i" forgears above 24" diameter. 



FSIOnON OKASING. 

128. Rictiim OeariD^: — Friction wheels are used in light power work where the service is inter- 
mittent, where the velocity ratio of the wheels is changeable, and where high speeds would cause toothed 
wheels to be noisy. They are generally used to connect shafts that are parallel or at 90 degrees with 
each other, but may be used to connect shafts at rny angle. 

The materials used in friction wheels are iron, wood, paper or mill-board, and leather. The driver 
should be made from the softer material and the follower from the harder. This is a protection against 
wearing the face of the follower unevenly in case of slij^ng. The usual materials employed are, pa- 
per for the driver and iron for the follower. 

The relation existing between the pressure on the wheels perpendicular to the surface at the line 
of contact and the rotativt force transmitted may hf shown for the different conditions as follows : 
For parallel shafts Fig. 39, let W = pressure in pounds total, tv = pressure in pounds per lineal 
inch ot wheel face b, P ^ total rotative force m 
pounds and * = coefficient of friction between the 
two surfaces ; then IV ^ = P, or b w ^ ~ P. Sub- 
stituting these values in the standard horse power 
formula we have, if F' ^ velocity of the rim in 
F. P. M., 

H.P.= = . (I) 

33000 33000 

This formula may be used in determining the 
power transmitted by any given set of wheels, or to 
Fig, 39. determine the required pressures between the sur- 

faces of any two given wheels transmitting a given power. The coefficient of friction * may be taken 
according to Unwin, page 283, as follows: Metal to metal, .15 to .2; paper to metal .2; and wood 
tnetal .25 to ,3. 

For shafts ot 90 degrees Fig. 40, let W be the 
pressure normal to the surface as before; Resolve 
this into forces R,, Si, R, and S^, parallel and per- 
pendicular to the respective shafts. Then 

R, = W sia a = 5, 
R,= iV cos. = 5-, 




substituting these in the standard horse power 
formula we have 





33000 cos fl 33000 cos a 



For shafts at any angle Fig. 41, let the no- 
tation be as before and the following formulas will 
be true: 

i?, ^ W sin a. 
S, = W cos a. 
Rt=W sin B. 
S". = W cos B. 
then by substitution 

R^9 V 5, * f 

(3) 



33000 sin B 33000 cos B 
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Fig, 42. 



129. To determine the width of the face of a friction wheel, use the latter part of fornmla(i). Un- 
win quotes the values w * as, 30 pounds for maple wood, 15 to 20 pounds for pine wood and 80 
pounds for paper. The statement is also made that the width of face of ihe friction wheel may be 
taken the same as the width of a single leather belt transmitting the same power at the same velocity. 

In the use of friction wheels, two factors enter which are more or less uncertain and difficult to de- 
termine. One, the coefficient of friction, has just been mentioned, and the other is the slippage between 
the two wheels. Probably no values may be quoted for them with more assurance, than those relat- 
ing to paper and iron contact. A series of experiments conducted in the laboratory of Purdue Uni- 
versity, and summarized in a paper by Dr. W. F. M. Goss before the A. S. M. E. December, 1896, 
give results that are quoted as standard authority. The experiments involved paper friction wheels 
of %Yi, 8, 12 and 16 inches diameter, in contact with a 16 inch cast iron wheel. The contact pres- 
sure varied from 75 pounds per inch of width to 
more than 400 pounds, and the speed limits gave a 
l^eripheral velocity varying from 450 to 2700 feet 
per minute. More than 5000 observations were 
made. The following is a summary of the results: 

130. "Slippage. — By increasing the load to be 
carried, the slippage may always be gradually in- 
creased to three per cent,, and under favorable con- 
ditions its gradual increase may reach a maximum 
of six per cent., but when the slippage is between 
the limits of three per cent, and six per cent, it is 
likely to undergo a rapid increase to lOO per cent. ; 
that is, the driven wheel is likely to stop." 

131. "The Coefficient of Frielion depends Upon conditions some of which have not been studied 
and are not understood. It is most affected by slippage. Its value increases with increase of slip until the 
latter becomes about three per cent, after which the action of the gearing becomes uncertain. With a slip- 
page of two per cent., the maximum value of the coefficient rises above twenty-five per cent., and as tne 
blippage approaches three per cent., even larger values have been observed. Fig. 42 shows a re- 
lation between slippage and the coefficient of friction, which can easily be maintained with paper 
friction wheels of 8 inches or more in diameter. 

The coefficient of friction is apparently constant for all prfcssures of contact up to a limit which 
lies between 150 and 200 pounds per inch of width of wheel-facv', beyond which limit its value de- 
creases. At 400 pounds pressure its value is from ten per cent, to fifteen per cent, less than for 150 
pounds. 

Friction wheels of 8, 12, and 16 inches diameter give nearly the same value for tlie coefficient, while 
lesults from a six inch wheel are lower by about ten per cent. — a fact which would seem to indicate 
that wheels smaller than those experimented upon may have a still lower value for their coefficient. 

Variations in peripheral speed between 400 and 2,800 feet per minute do not affect the coefficient 
of friction." 

132. "Pressure of Contact. — With a constant coefficient of friction, the power transmitted varies 
directly with the pressure of contact. During the comparatively short period covered by the experiments 
the paper wheels gave no indications of breaking down under pressure as high as 400 pounds per inch 
in width. The work was not continued through a period sufficiently long, however, to permit a de- 
termination of the maximum pressure with which paper drivers may be forced against their iron fol- 
lowers; but it has already been noted that the coefficient of friction is maximum under a pressure of 
about 150 pounds per inch in width, and while the amount of power delivered may be augmented by 
increasing the pressure above this limit, the most efficient pressure is that for which the coefficient of 
friction is maximum." 

133. "Horse Power. — By making d the diameter of the friction wheel in inches, w the width of its 
face also in inches, and N the revolutions per minute, and by accepting 0.2 as a safe value for the coeffici- 
ent of friction, and a pressure of 150 pounds per inch width of face as the pressure of contact, the 
horse-power may be written as, 

150 X 02 X ^ d X «> X A^ 

12 X 33000 



H. P. : 



.000238 d w N. 



This formula is believed to be safe for friction wheels which are 8 inches or more in diameter, and 
under conditions which make it possible for them to be kept reasonably clean. By its use the followii^ 
table has been calculated:" 



TABLE XIV. 

[ MEANS OF A CLEAN PAPER F&ICTION V 
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134. Another form of friction gearing is the disc friction shown in Fig. 43 A, for shafts at 90 
cle grees, or the cone friction shown in B, for shafts at any angle. These are used to obtain variable speeds 

It is evident that if the rotative speed of the dnver 
be constant, the corresponding speed of the fol- 
lower will depend upon the position of the driver 
relative to the center of the follower. Such gears 
are used on sensitive drills and other similar light 
machinery. In disc or cone frictions, a certain 
slippape takes place because it is not a pure rolling 
contact. This slippage can not be entirely eliminated. 



Fig. 43. 

Fig, 44 shows a reversible friction which may 
be used on machines requiring slow forward and 
last returning movements. With a constant speed 
of the driver, a slow forward spee<i may be ob- 
tained by forcing the driver against the inner sur- 
face of the outside rini, and to reverse, the driver 
may be forced against the outside surface of the 
hub of the wheel. 




Fig. 44. 



135. Wood friction wheels are constructed as shown in A and B, Fig. 45. Paper friction wheels 
are constructed as in C. The wood should be very 
uniform in texture, free from knots, and fine 
grained. Clear maple, pine or cottonwood may be 
used. The paper generally used is straw-board cut 
-,n large discs to fit closely to the shaft. These when 
compressed tightly between the flanges make a very 
dense and uniform material. In all flanges the 
bolt heads and nuts should be protected by ribs, 
or should be let into the flanges. 
B C 

Fig. 45. 






Fig. 46. 
136. Wedge Frictions are of two general classes, Fig. 46 A, two shafts in the same straight line, 
and B, two shafts in parallel. The first is used generally on power hammers and the second is used 
only on slow speed machinery because of the noise attending its use'. The number of projections on B 
is between 1 and 6. Unwin gives the relation between R, the force holding the wheels together, 
and P the turning force on the shaft as 

P 
R = — (sin a -j- * *^os o) 
* 

where * is the coefficient of friction and a is the 
angle of inclination between the side of the wedge 
and the vertical. This is usually taken between 15 
end 20 degrees. The working depth of the tooth is 
t = 0.025 Vp 
Fig. 47, shows a very effective form of fric- 
tion gearing. In this, E is keyed fast to the shaft; 
C, fits over a sliding key and F is loose. When G 
is thrown to the right it wedges F between G and 
E and causes rotation of the shaft. This form gives 
a more positiv-s action than the single frictions prev- 
iously mentioned. 



Fig. 47. 



WORM OEARINa. 



137. W(»ia Gearing: — In worm gearing Fig. 48, the worm is mereij' a long tooth wrapped 
around a cylinder ; the pitch of the worm being the same as the pitch of the gear. This gearing is used in 
changing from a very high to a very low speed and is employed in the transmission of only small 
powers. The worm is the driver and, unless the' pi tch of the thread is very great, it will effectually 
lock the gearing. The wear on the worm is much 
greater tlian that of the gear. 

The action of the worm in connection with the 
gear is very much the same as a rack and spur 
gear. One revolution of the worm moves the gear 
through one circular pitch. The ratio of the 
angular velocities of the two shafts is the same as 
the number of teeth on tlie gear. It is advisable 
to make this ratio as large as possible. The min- 
imum value is sometimes quoted as 30. When a 
smaller ratio is desired a double thread on the worm 
may be employed. A ratio very often used is lOO. 
This value may be considered standard. 

In designing the worm the following values 
will be found very good. Take the pitch p the same 
as that of a spur gear having the same W, then Fig. 48. 



g 



D = 4 ^ 

D' = 1.8 d io 2 d. 

L = 3 ? to 6 />, say 4 p. 

The teeth of the wheel may be straight and set at an angle from tlie center line of the shaft 
so as to conform with the slant of the worm thread,or they may be curved to fit the worm thread along 
the full length of the gear tooth. The latter method is preferred since, in the former, there is contact 
only along the center line of the gear. 



Fig. 49 shows sections through the gear rim. 




Fig. 49. 



A, is that of a straight tooth ; B, is the ordinary 
form used on curved teeth, and C, is a modification 
of the curved tooth, having its upper face concen- 
tric with the outside of the worm hub. 

The tooth may be given the usual values for 
addendum, dedendum, thickness, clearance, etc. 
The width of the face of the gear varies from 1.5 
P to 2.5 p. The involute tooth is preferred, be- 
cause the tool which cuts the worm is a simpler 
form. 




Right and left hand worms, Fig. 50, may be up- 
on the same shaft, meshing into two gears that run 
in opposite directions. These gears operate two 
shafts, which in turn are connected by spur gears. 
The one shaft is an idler shaft, but serves to mini- 
mize the end thrust on the worm shaft. 



SCREW OEABINO. 

138. Screw Oearin;: — Most fastenings between machine parts are made through the action of the 
screw thread. The threads are classified as square and V, and the pieces thus threaded are classified 
as bolts, studs, cap screws, set screws and machine screivs. See Par. 143., for standard sizes. 

The action of the loaded screw, when it is turned about its own center, is equivalent to moving 
the same load along an inclined plane whose angle with the horizontal is the same as the mean pitch 
angle of the thread. 

138. Work Performed by Means of a Screw. — A very simple illustration of the overcoming of 
resistance by means of a screw is shown by Figure 51. 





Fig- SI- 

In A the square thread acrew is sustaining a load of IV pounds. Let this load be absorbed on a cir- 
cle representc'l by the mean circumference of the thread whose diameter lies between ah and cd in B. 
Lay off this mean circumference o.v in C and find the slope of the screw oy. Assume a coefficient of 
friction between the screw and the nut and lay off the line or an angle * from oy. 

With the force IV perpendicular to ax, draw ru making the angle (a 4- *) with IV. Draw tnn 
perpendicular to W, mn represents the turning e) fort P' in pounds, necessary to be applied at a radius 
R' from the center of the screw to move the load up the inclined plane against the action of its own 



weight and friction. One complete turn of the screw is equivalent, in effective work, to moving the 
load through the distance of one pitch. 

Application, i. The main screw on a tension testing machine acts directly upon the test specimen. 
The maximum pull of the specimen is estimated at 15000 pounds. The screw is 2 pitch, is 2 inches 
mean diameter and is operated by a gear having 12 inches pitch diameter. What force will be exerted 
between the gear and the pinion in overcoming the load and the friction of the screw, if the latter 
coefficient be taken at .15? 

The development of the screw thread gives an angle of 4° — 30 and the angle represented by the 
coefficient of friction is 8° — 30' making the total angle of 13°. From this is obtained 
tan. 13° ^ mn -^ W and 
p' ■= mn = 3463 pounds. 

From moments we can readily obtain 

3463 X I =PR 

^ where R — radius of gear = 6" 

and P = 3463 -=- 6 = 577 pounds. 

If instead of the gear, a two ended lever be used, the force exerted on each end of the lever would 
be 577 ~ 2 = 288.5 pounds. 

Application 2 : Given, the main screw of the above with the gear threaded to fit and with the end 
of the hub encased in an annular thrust bearing having 2,25 inches and 4.5 inches respectively, as 
the inner and outer diameters. Fig. 51 D. What would be the total force F on the gear necessary to 
overcome the load, the friction of the screw and the friction of the thrust bearing? 

Considering first the thrust bearing, the turning moment necessary to overcome this friction is 
P J!= % wtp{/l,' - Jfj') (1) 

where P and R are the same as previously stated ; * — coefficient of friction = say .15; p = pressure 
per square inch of area on thrust bearing, and R, and J?, are the radii respectively of the outer and 
the inner circumferences of the bearing. 

Formula ( i ) represents the frictional resistance offered by any annular disc. Proof, i-et d s Fig. 
51 £, be any increment of area at any radius r from the center of the disc. Then d s = d r r d 6 
and rds=^r'drd 6. From this is obtained 



P R =f''' f" p ^r" dr d e 3.nd 



■ P R = j TT * p [ff,' — fii"], as given in (l) 

Substituting the above conditions in ( i ) we obtain 

2x3.14x.15x 1258 

6P = I (2.25)' - (I.I25)>1 

3 
P =r 656.9 pounds on the thrust bearing. 

Then 577 + 656.9 = 1233.9 pounds, total force at gear for load and frictions. 

For the two ended lever this would be 616.9 pounds on each end of the lever. 

140, The energy exerted in one complete revolution of the screw is (not counting the thrust bear- 
ing) 577 ir D — 181 3.4 foot pounds; and counting the friction of the thrust bearing it is 1233.9 -r D = 
3873. foot pounds. 

The useful work done is 15000 x ,5 = 7500 inch pounds or 625 foot pounds for each revolution. 

The efficiency of the screw (including the thrust bearing) is 625 -~- 3878 — .16; and without the 
thrust bearing it is .34. This latter efficiency may also be shown as Tan a -^ Tan (a + *). 

Where screws are used for transmission purposes, the square thread is preferred. This choice 
is made largely because of the wedging action of the f thread, thus having a tendency toward split- 
ting the nut. This wedging force on a V thread may be obtained in any case if desired. Let iV = 



force parallel with the center of the screw, a = the angle of the screw thread, and Q = force perpen- 
dicular to W; then Q — fF tan (ff -^ 2), Since the standard American screw thread is 60 degrees, 
this formula reduces to 

Q = .577 iV. (2) 

141. To obtain the force necessary lo shear or strip a V thread from the bolt, multiply the circum- 
ference of the bolt at the root of the thread by the length of the nut and by the fibre stress of shearing. 
To obtain the corresponding force to strip the thread from the nut, multiply the circumference of the 
outside of tho thread by the lengtli of the nut an<l by the fibre stress of shearing. For an ordinary 
bolt and nut, the stripping takes place on the threads of the boh. The length of the thread in action 
at any time should be such that the force necessary- to strip the thread will be greater tlian the tensional 
strength of the bolt at the root of the thread. 

The minimum calculated length for a i inch wrought iron bolt in a wrought iron nut is approx- 
imately .3 inch This, in the table, is quoted as i inch. The minimum calculated length of thread in 
the cast iron nut or casing, if used, is approximately .75 inch. This in practice is taken at about 1.5 x 
diameter of bolt. From this it is seen that the acting length of the screw thread is made in practice 
from two to three times the calculated length. 

If two castings lie bolted together, and one be tapped for a screw fastening, a cap screw may be 
used where the pieces will seldom need separation. If, however, tbe pieces frequently need to be 
taken apart, the stud bolt should be used. The brittleness of the cast iron thread renders it more sus- 
ceptible to wear, hence the above statement. 

142. The forms of the Standard threads are shown in Fig. 52, 



U.6. aTANOARD OR SCLLCIIft. ENSLIbH OK WHITWDRTH. 

Fig- 52. 



ftaUARE. 

The following tables No, 15, refer to the United States standard or Sellers threads. 
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The following tables, N'o. 16, referring to the s izes of niacliine screws, were proposed by a commit- 
tee of the A. S. M. E. and were acted Upon at the May Meeting, 1906. 



TAllLES XVI. MACHINE SCREWS. 
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TABLE 17. 
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Chapter iv 







CYLINDERS, CYLINDER READS AND FASTENINGS. 

143. C^lindsTB with Thin Walls Subjected to Internal Pressures : — Assume a theoretically per- 
fect cylinder, with the following notation; radius t, 
diameter d, length /, and thickness ;. If this cylinder 
be subjected to an internal pressure of /> pounds per 
square inch, it will have a tendency to cause a 

ytit.x^' rupture of the shell either i>aralle! with or trans- 
versely across its axis. In the first case the burst- 
pjg -- ^ ing force tending to split the cylinder along the hue 

■''*' a-b is zplr. Fig. 53, also Church, par. 169; and the 

resistance to this force is the strength of the two sides, equal to 2tlj. Forming this into an equation 

it gives, 21// = 2plr, or l = pd -i- 2/. ( i) 

The force tending to cause the cylinder to fail transversely is the pressure on the head, equal to irr^p, 
and the resistance to this is the strength of the shell, equal to 2irTtf (approx.), 

hence: 2irrtf = irr*^, or t = pd -^ ^f (approx.) (2) 

This shows that the cylinder is twice as strong to resist transverse rupture as it is to resist lon^tudinal 
rupture. Formula (2) is satisfactory for all cylinders where the shell is very thin compared to its 
diameter, as found in boilers. It is understood that the radius of the shell is here taken as a mean 
radius only. For cylinders with thick shells the resisting factor would become « (Z)= — rf') -;- 4 
where D and d are the diameters, respectively, of the outside and the inside of the shell. Since the 
tendency of any cylinder, then, would be to first give way along its length, formula (i) is generally 
used. 

144. Boiler Shell: — In applying wrought iron or steel to form cylindrical shells it is necessary to 
unite the ends of the plates by welding or riveting; in either case reducing the ultimate strength of the 
shell. Welding is resorted to in tubes and pipes, giving efficiencies varying between 50 and 90 per cent of 
the solid plate of the same thickness. The average efficiency may be taken at 70 per cent. Riveted 
joints are used on shells of large diameter such as boiler shells. The efficiencies of the joints varying, 
according to the Hartford Inspections and Insurance Co., between 70 per cent, for a double riveted 
lap joint and 86 per cent for a triple riveted butt joint having the same sized rivets. When the kind of 
jtMnt is not stated, the efficiency may be taken at 70 per cent of the solid plate. For details of all 
forms of riveted joints for boilers see Ryersons catalog of Boiler Diagrams ; Jones' Machine Design, 
Part II, Chap. 12; Low and Bevis, Chap. 21; Unwin, Part I, Chap. 4; The Constructor, Sec. III. 
Chap. 1. 

The thickness of a boiler shell should be worked out from fcrmula (i) by inserting the factor c 
as the efficiency of the joint. 

Application: — What should be the thickness of a 60 inch boiler shell if the steam pressure is 150 
pounds gauge and the material of the shell is open hearth steel having an ultimate tensile strength of 
60,000 pounds per square inch ? With a factor of safety of 6, and 70 per cent, efficiency of the joint, for- 
mula (i) gives, / =^_^.^__^___; ( = ,643 inches. A plate of 11-16 inches will be 
necessary to fulfill these conditicms. ^ 

146. Madune or Oast OyliuderB: — Cast iron is the material used in nearly all cases where cylin- 
ders require an inside finish for pistons or moving parts. Where the pressures are high and the thickness 
of the cast iron walls would be too great, steel castings are used instead of the gray iron castings. All 
castings are subject to hidden flaws and defects, and a great deal of uncertainty accompanies their use. 
Because of this uncertainty and because cylinders require reboring occasionally, designers estimate 
the thickness of cast cylinders by formula (i) allowing very large factors of safety, or as is the case 
in most steam and air cylinders, they use empirical formulas. One of the most satisfactory of these 
formulas for cast iron cylinders is quoted in the Trans. A. S. M. E. Vol. 18, page 741, 

t=.05D + .3" (3) 



where D is the diameter of the cyhnder in inches. This fornmla should be applied to cylinders using 
not over 125 poun<ls gauge pressure. 

146. OylinderB witti Thidc Walla Subjected to IntWTWl Pressures;— If the walls of a cylinder 
are thick compared to the cylinder diameter, the stresses in the metal, from internal pressure, will vary 
between the interior and exterior surfaces, being greatest on the interior fibres. The following formulas 
are used and give approximately the same result when designing cylinders between 6 and 18 inches diam- 
eter, and carrying pressures between 300 and 1000 pounds per s(juare inch with a iibre stress of 200D 
pounds per square inch. As the ratio of ^ to p becomes smaller and approaches 1 these formulas give 
absurd results. It is well to keep this ratio In all cases as great as 2. 



~2{f-p) 



Grasbof, / = '^ (J '■'•/+ ^ I' _ 1 
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<4) 



(5) 



In which ( ^^ thickness of walls in inches ; />— gauge pressure in pounds per square inch ; d ^^ internal 
diameter in inches and / ^^ allowable fibre stress in pounds per square inch. 
Another very satisfactory formula is quoted by 

Perri, / = ^(/.J-±ll) 

Where r, = external radius ; r ^ internal radius ; and f and p as above. 

Where a cylinder is so designed that it may be ground instead of bored it is possible to chill the 
inner surface to such an extent that the particles are in a state of compression and hence will yield 
more to the applied pressure and cause a more uniform stress throughout the shell when in service. 
This would make the condition of the design very simitar to that of a thin cylinder. For discussions on 
thick cylinders see Kent, page 287; Unwin, Part i, par. 26 a; Parry, par. 275; Cotterill, par. 214. 

147. Oylindo^ with Thin Walls Subjected to Extonal Pressnree : — An empirical formula de- 
veloped by Fairbairn for the collapsing pressure of thin wrought iron tubes is discussed in Cotterill, par. 
181 ; Unwin, Fart, i, par. 41, and Kent, page 264. Let ^^differential pressure in pounds per square inch, 
( — thickness of shell in inches, d — diameter in inches and / = length in inches, then 

p =: 9672000 (■ -^ Id (5) 

This should not be used for extreme cases nor for thicknesses less than ^ of an inch. 
Lloyds Register contains the following formula, 

p = 1075200 /• -^ Id (7) 

It win be seen that this is the same as (6) with a factor of safety of 9, 

148. A Thin Sphere Subjected to Internal Pressure would have a tendency to rupture along the 
circumference of its diameter. The force exerted would be pwd^ -^ 4 and the resistance vd tf approx- 
imately, hence we have with the same notation as above, 

t = pd^4f (8) 

It will be seen that (8) is the same as (2) and makes the sphere twice as strong as the cylinder of the 
same diameter and thickness of shell; hence a spherical boiler head would be as strong as the shell if 
it was one-half its thickness. When this formula is applied to wrought iron or steel work it will be 
necessary to account for the efficiency of the riveted joint. 

Dished heads, for boiler work, have the same strength to resist rupture as the boiler shell of the 
same thickness, if the radius of curvature is equal to the diameter of the boiler shell. This may be 
obtained by inspection from formulas (i) and (8). The fojii&er of the head will be A = .134 d; where 
d — diameter of shell and h — height of camber, both given in same units. Low and Bevis, page 305. 



149. Strmgtll of Flat Plates : — The relation existing between the thickness of a flat plate and its 
fibre stress and deflection when subjected to known conditions of loading can be obtained from the 
formulas given in Table XVIII. See also, American Machinist, 1906, page 683. 

TABLE XVIH. 
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Of all the conditions here shown the second one is the one most often found in practice. This 
formula would cover most forms of cylinder heads. Kent discusses the subject on pages 284 and 794 
of his Pocket Book and suggests a number of empirical rules to be used instead of the rational ones, 
which he says, in many cases give too large results. 

Where approximate values are considered satisfactory, it is good practice to take the thickness 
of the head at the edge 25 per cent greater than the thickness of the cast iron cylinder walls. The 
central part of the head may be made thinner than the edge, and is sometimes set off from the plane 
of the outer flange. The thickness of this central portion should be about the thickness of the cylinder 
walls. 

Where extra hetwy pressures are involved, it is not safe to depend upon the approximate rules, 
but each case should be worked out by an approved formula, and Ihen checked up by the best cur- 
rent practice. 

150. Method of Ffutt^iing Between Cylinder and Cylinder Head: — In most cylinder work it is 
necessary to cap the ends. The form of this capping differs according to the materials employed and the 
use' to which the cylinder is to be applied. The wrought iron or steel cylinder, for example, is used 
mostly on boilers and is capped with a head of like material. This head is flanged and riveted to the 
shell. If the head is dished, as shown in Fig. 54 A, to the radius of the shell diameter, the thickness 
of the material may be the same as that of the shell ?nd need not be stayed, but if the head is flat as 
in B, it is made somewhat thicker than the shell and in addition is stayed. The staying may be done 
by through stays or by angle stays depending upon the interior construction and requirements of the 
boiler. For more details on staying see notes on Engine and Boiler design. 

Cast Cylinders for steam engines, compressors, hoists, etc., would have a fastening similar to C, 
the heads being bolted to flanges that are an integral part with the cylinder body. These fastenings 
may be by ordinar;^ bolts, stud bolts, or cap screws. For rough work the bolt is preferred. For fin- 
ished work the stud bolt is preferred. The cap screw would be used only in special cases where the 
cylinder head would seldom be removed, since frequent removals would tend to ruin the threads in 
the cast iron flange. 

ss 




Kic. 54. 



Concerning the number and the size of the bolts ; it is better to have a number of bolts of small 
cross sectional area, than a less number of bolts of large area, for if one bolt proves defective the extra 
stress is more readily absorbed by those near to it. The number of bolts used will approximate close- 
ly to the nominal diameter of the cylinder in inches, i. e. a 6 inch cylinder, 6 bolts ; a 24 inch cylinder, 
24 bolts, etc. 

In cylinders carrying a pressure of 75 to 100 pounds gauge, it is not advisable to use less than a 
5^ inch bolt because of the liability of injury when setting the nut. All bolts should be figured at the 
root of the thread. All bearing surfaces should be acur^tely finished. The joint should be tight under 
pressure, either by being ground to a fit or by facing with some soft thin packing. 

A modification of C is shown in F where eccentric head bolts are used instead of the ordinary- 
stud bolt. 

To cap a large pipe cylinder with a cast iron head it is necessary to first fasten a flange to the 

pipe by screwing or expanding the pipe into it, and then fasten the head to this flange as shown in D, 

G and H. In D the pipe should be screwed through the flange and faced of? with it. G and H should 

be faced off in like manner and in addition should have soft metal packing swaged into dovetail grooves 

' as at s. 

A Brass or Copper tube cylinder may be capped as shown at B. This metal being too thin to be 
threaded it is faced off square at each end and bolted between cast heads. A soft copper or leid pack- 
ing may be applied to the bottom of each finished groove to cut off leakage. Such cylinders are very 
common in small air hoists. 



151. Nut Fastmings, Fig. 55 : — 
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153. Standard Sizes of StnfHng Boxes, FSg. 57:- 
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Chapter Y. 



DESION NO. 1. 

NOTES RELATING TO THE DRAWINGS. 
154. Sise of Drawings : — The following standard dimensions are ^ven as tiie cutting sizes of the 
siieets. The designer is at liberty to make his own selection from these sizes. It is suggested how- 
ever, that the sheets be taken as small as will admit of a clear and distinct set of drawings, 

24" X 36'' — Size A 
18" X 24"— " B 
12" X 18"— " C 
9" X 12"— " D 

Scale : — Any scale may be taken which will show clearly all the details and give a good arrangement 
on the sheet. Details may have different scales on the same sheet if so desired. When this is done each 
detail should have the scale given. 

Border Line: — A margin of one quarter of an inch should be left between the border line and the 
edge of the finished sheet. 

Name Plate:— Make the name plate or title at the lower right hand corner to cover a space 2J4' 
X 3'/i" inside the border line. This name plate should be considered standard and should be worked 
up after the plan of those shown on the following plates. It would be well for each designer to make 
a standard corner plate to be used below the various tracings when working up this part- 
All drawings will be worked up completely in pencil and turned in to the instructor. The instruc- 
tor will give them to another designer who will be responsible for the checking. This checking will be 
done in the form of notes on a separate paper and attached to the drawing. These are then returned to 
the designer for approval and corrections. The designer then traces his drawings and after obtaining 
the signature of the checker to them submits the same with the checkers' notes to the instructor for ap- 
proval. 

In all this work Jamison's Mechanical Drawing will be used as reference concerning arrangement 
of views, sectioning, cross hatching, lettering, and the like. 

Every dimension should be clearly shown so that no measurements need be taken by scale from th^ 
drawing, 

AH dimensions should be given in round vertical figures, heavy enough to print well. No diagonal- 
barred fractions, thin or doubtful figures will be accepted. 
All dimensions below 3' — o" should be given in inches. 

All dimension lines should be made as li^t as will insure good printing and should have a central 
space for figures. 

All dimensions sliould read in the direction of the arrows. 

Avoid crowding the dimensions to the center of any detail. A much better way is by the use 
of projected lines as shown. 

All detailed pieces should be accompanied by a 
shop note or call as "C. I. One wanted ;" "M. S. Two 
wanted"; "Finish all over," "Turned for a shrink- 
ing fit", etc., etc. 

The following abbreviations will be considered 
satisfactory in these calls : — 

C. I Cast Iron. B. b. t Babbitt Metal. 

C. S Cast Steel. F Finish. 

W. I Wrought Iron. D Diameter. 

M. S Machine Steel. R Radius. 

166. Oalcnlations : — Each designer is expected to draw up a report in parallel with the design. 
This report will contain free-hand sketches and a brief summar_\' of calculations and accepted sizes of 
the different parts of the design, and will be submitted with the finished tracings. 

166, Oheddng: — Each designer should have experience not only in planning and executing well 
his own designs, but he should take up designs of other men and offer suggestions and criticisms upon 
their work. The way to obtain this experience Has been su^^sted above. 
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In cliccking up the work of another man the following points should be observed ; 

(i). General appearance of the design relative to workmanship and execution, arrangement of 
drawings, notes, dimensions, etc. 

(2). General design relative to proportion, and strength and arrangement of parts. This is to 
be merely the checker's impression and need not require checking of original calcidations. 

No drawing should be retained longer than one exercise and at the completion of the checking 
should be returned to the designer. It is estimated that any set of drawings may be checked in this way 
within two hours time. No notes or marks will be made on the drawings but special paper will be pro- 
vided for this purpose. In looking over the drawings finally, the instructor will give credit to the 
work of the checker as well as to that of the designer. 

ANALYSIS OF THE DESIGN. 

We are now prepared to take up the first design, the Toggle Jcant Press. Machines of this class 
are sometimes used in forming thin sheets of copper and brass into articles for ornamental purposes, 
consequently it is a useful tool. Plates C-191, C-192, and C-193 show a design of one of the smaller 
. machines and are inserted to give an idea as to the scope of the work. The design was worked up on 
three 12" X 18" sheets; two of details and one assembly view. 

It is urg'.d that the designer regard these sheets merely as illustrative of a good drawing room job 
and that, from the standpoint of ideas of design he will cultivate originality and make his design as 
nearly independent as possible. 

167. Forces biTOlved: — Referring to Plate C-iyi, it will be seen that the forces involved can be 
represented in the following force diagram, with the direction of the forces represented by arrows. 




KiG. 58. 
Each designer will be given a value for W, 1,1' and *. In all the designs * will be taken at 10°, 
assuming that the maximum load will be earned at this position and that the lever arm will then be hori- 
zontal. 

In the assignments the range of values will be as follows : — 

IV = 200, 300, 400 1000 

/ = 4', 4' 6", 5', 5' 6" 10' 

If _ j 6", 8", 10" and 12" for the larger sizes. 
I 6" to 8" for the smaller sizes, 



To make the analysis plain one assignment 
on it. Selecting W — looK ; / ^ 5' — 3" = 63' 
the force diagram : 



ill be worked through and brief comments made up- 
/' =; 7" and * ^ 10° we have the following from 
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. = _i»l('_:iil= J22><56=8„rf 



IV, = IV,: 



W 



900 



= 2S9M« 



2 sin. * .3473 " 
Wj = W^ COS. * — 2591.4 X .98481 = 2552* 



W, 



900 
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158. Lever : — This will be designed as a beam 
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1 flexure, par. 46. The designer must here decide 
k-«^^-H if the beam is to have parallel sides 

H in which case b in the modulus for 

the rectangular section would be 

- h would be used. The best way to decide 

Assuming / 3= 8,000 for 



Fig. 59. 
constant, or taper sides in which case a certain ratio of & - 
which to use is to find the size of the sections at g and c for each case, 
wrought iron, & = i and disregarding the hole at c which has little effect, our formula lV=f Z becomes 
. 100 X ■ 6 = 8,000 h^ -h6: h = .6/' at g and 
100 X 56 — 8,000 h'-i-6;h ~ 2.05" at C. 

This beam would have a better shape and would also be lighter if the thickness be reduced below 
i", say to ^". With this value the formula becomes 
100 X 6 = 8,000 ft* -;- 8 ; A =; .77" at g and 
100 X 56 — 8,000 h' -~ B; h — 2.3/' at C. 

The values thus obtained would give a very good shaped beam having a section .75" X -77" at g 
and .75" X 2.3/' at C. 

On the other hand, suppose a ratio of fc ™ A = J4 to be desired, the problem becomes 
100 X 6 = 8,000 A' -^ 34; A — 1,22" and b = 1.22 -^ 4 = .3" at g. 
100 X 56 — 8,000 A' -^ 24 ; A — 2.56" and b = 2.56 -=- 4 = .64" at c. 
section at ^ = ,3" X 1.22" 
section at C = .64" X 2.56" 

The above gives the methods of determining the size of the section at any point of the beam. 
Sections should be taken at regular intervals of length and a diagram plotted from the results. One 
section only need be taken between a and c, say at midway between. This diagram when completed 
will show the beam to take the form of a curve similar to Fig. 60. It will be found convenient 

however, to approximate this curve with a straight 
line as x y. This would be satisfactory for strength 
and would be more easily constructed. 

It will be noticed that the bending moment be- 
comes zero at the points a and where the loads are 
applied. This would theoretically give no size to 
Fig. 60. the handles and make it impossible of construction. 

Somi; satisfactory design of handle or hub must be arranged for at these points of suf- 
ficient size to carry the pins or bolts, each having the sides and edges of the beam filleted into them in 
a neat manner. See Plate C-193. A handle can be placed at b for ail loads of 300 pounds or less and 
a drilled hub for larger loads so that a small air or steam cylinder can be attached. A similar hub 
will be added at a, for connection to the post at the rear. 

189. The following shapes may be found useful in designing the lever. 





Fig. 61. Shapes at b. 
The size and shape of the handle or hub at this end will be largely a matter of looks since the load 
carried is very small. The pin if one is used may be calculated for double shear to get the minimum 
size allowable, but this size will probably be so small that it will be necessary to increase the size of 
both pin and hub to add neatness in design. Such points as this call for special investigation. Any 
piece of a machine may be made extra strong if desirable, to harmonize with the other parts of the 
machine, but the reverse is not the case. 





Fig, 62. bliapes at a 

In tlie above shapes for this end A and B would be preferred because of the ease of construction. 
In most cases the post which connects with this would be made of cast iron and could easily be core"' 
out to fit over the lever ami end rather than to fit the arm end over the post. The only calculations 
necessary here are those that determine the diameter of the hub and the length of the hub. of the lever. 
Make the diameter of this hub equal to the diameter of the cast hub of the standard. To illustrate: At 
0, a tensional force of IV" is acting and this force 
is resisted by four areas on *he section, R S, 
equal in total area to R' S', of the standard. These 
sections are figured for cast iron in direct tension 
by the formula W ^ f A. The four areas on R S. 
are alike and the ratio oi b -^ h may be assumed. 
Having figured the pin for double shear by the for- 
mula W" =z 2 f A find the diameter of the pin and 
add to it 2 h, this will give the diameter of the cast 
hub and consequently the diameter of the lever end. p^^. g, 

160. If / for shear in wrought iron be taken at 
500o3t"", the diameter of the pin will be .33 inch or 
say ^ inch. If f for tension in cast iron be taken ut 
1500*"", the area b h will be .133 square inch, from 
which, if fc be taken at J4 inch, h becomes .53 inch. 
This would make the diameter of the hubs at a 
i^ inches. 

It would be next in order to find if the wrought 
iron pin will crush under the load applied. The 
part of the pin in the casting and the part in the 
lever is each subjected to a crushing action. The 
resistance of the pin to crushing is in proportion to 
the projected area of the pin, and for the part in the 
casting is2bd = 2X}^XH— 3'^^ square inch. 
Which, if /c — A = 5000, will sustain -1% X 
5000 = 938 pounds. If it had been found that b h 
was so small that the load it was capable of sup- 
porting was less than the load applied, then b would 
have 10 be increased, and if desired, h could be di- 
minished to retain the same total area. The thick- 
ness of the lever arm end should be at least as much 
as 2 fc ^ J4 inch in this case. . From inspection, 
however, it is readily seen that the thickness at a 
would be necessarily .increased to correspond to the 
thickness at c =^ .64 inch. 

In every fastening of this kind, it would be 
well to investigate the shearing of the pin, the ten- 
sion of the hub members and the crushing of the pin. 

In calculating the size of the section at C Fig. 
59, the hole was not considered. The error intro- 
duced by this is very slight and in most cases may 
be neglected. The fibre stress in the cross section 




of the arm varies from zero at the center to a maximum at the edge as shown in the diagram B, 
Fig. 64, where by proportion we can readily obtain the relative resistance ofEered by the metal at the 
center as compared to that at the edge of the section. The loss at the center is more than taken up 
by the addition of a fraction of an inch at the edge or a very small boss around the hole. If the 
hole in any case should be large, a modulus could be selected for this hollow section, and the exact 
figures obtained. 

The pin would be calculated in double shear. 

The size of the boss, if any be added, is largely c^tional. 

161. Standard: — The design of the standard would depend largely on the magnitude of the force 
to be resisted. In the smaller sized ir.achines it would undoubtedly be made of cast iron and as such the 
upper end would be as shown in the preceding paragraph. In the larger sized machines the standard 
would be made of wrought iron or steel plates in which case the size of the hub would be figured with 
a different value of f. 

The cross section of the body of the standard may be shaped as in Fig. 65. Assuming the areas 
lobe equal, the strongest section to resist any bending action that may come up it, is D. 




Fig. 65. 
The lower end of the standard would be cored out to receive the rod fFj, and would have a flange 
for fastening to the top of the bed. Fig. 66 shows some of the shapes that may be used. 




Fig. 66. 

The pin at the base is figured for double shear by the formula W^ =■ z f A- 

162. In deciding upon the kind of fastening between the standard and the bed, it would be well to 
first examine it regarding the turning moments about a. Fig. 67, 

W" W b-\- W, A, - W, b' = Wxf + W, I- 

Assume b = b' = 3", ft, = 2", /' = 5" and T = i' 
then with W" = 800, IV,, — 2552, iV.' = 450. 
We have 5 IV^ + IV^ = 6154. 

If Wi = iVj, then 6 W_, = 6154 or IV^ = 1026J . 
This is equivalent to a Ji inch bolt. Suppose 
Wy. because of its location, to be of little value 
in resisting- turning about a, then 5 W'i- = 6IB4, 
IF^ = I23U := approx. A' bolt. If more than one 
bolt is used the total bolt area may be the equiva- 
lent of that given above. 

Next examine the joint for a summation of all 
vertical forces, 

H" — W. ■ = »',+ If> . If IVr = Wy then, 
2 rr^ = 800 — 450 = 350ff . ■ . IC^ = 1751 . 
Since this force is less than that obtained by mo- 
Fic 67. ments it need not be considered. 




Next examine the joint for a summation of the horizontal forces. In this the force IV3 tends to 
shear the boUs or to shear the casting inside the bolt holes. In the first 
Wj = f A. If we take f = 5000, then, 
■ 2552 = 500D A. .-. A = .51"" of bolt area. 

If the boh shears at the root of the thread as would be the case with a cap screw we have at least 
four Yi inch cap screws needed. 

In the second case if the flange is say 6 inches long we have 

2552 = 2 X 6 t f. Let / — 1500 for cast iron we have t — approx. .15". 

This woulil, of course, be made thicker say yi inch for the appearance and looks of the casting. 

In the above discussion of the standard fastening the tendency to failure would apparently be the 
shearing of tlie bolts. This would not be true in ev..Ty case ; for example if h^ were greater the failure 
of the joint would probably be by moments about a. The calculations would be modified, also by the 
arrangement of the bolts or cap screws. 

It is well in every case to examitie a joint from all standpoints and use the greatest requirement. 

163. Toggle: — In designing the toggle there are two ways in which it may fail at the joint: by 
shearing the pin, and by bending the pin. In Fig. 68, (A) and (ft) show very simple arrangements of 
this joint. To obtain the size of the pin from shear in this case 




for E 



Fig. 68. 
lV^ = 2fA. U f = 5000, then 

2591.4 = 2 X 5000 A.; A — .26SI"; d = .58" say ^". 

It is readily seen that the pin would be found to be the same size if the load M^i -£- 2 were figured 

ingle shear. 

To obtain the size of the pin to resist bending assume some length of pin between the outer forces 
W, -T- 2 as 2" and solve by the formula 
IV I ^8 = f Z. li f — 8000 then 900 X 2 -^ 8 =:; 8,060 X 7rd'^j,2 .-. d = .65 say \\". 

With the toggle acting on one pin at the center as shown, the smaller force W should come at 
the center of the length of the pin as shown in A and B. If the heavier force W^ or W^ act at the 
center of the pin it would have an unnecessary bending strain as shown in C, and would require too 
large a pin. 

164. Fig. 69 gives some shapes of toggle members. A, B, C and D are usual shapes of the horizon- 
tal members. A and B have spht ends and are necessarily hard to forge and machine. C is the simplest 
form. This form is sometimes modified by adding bosses to one or both sides as shown in D. The 
vertical member may be constructed solid as at E or adjustable as at F. 




(O c O) ^ o (O) 



Li,. J. J- ^trr. 

Fig. 69. 



Fig. 70 shows some other methods of designing the toggle. 




Fig. 70. 

165. DieHeada:— The following shapes Fig. 71, may be of value in designing the sliding head and 
stationary block. A shows the simplest arrangement for fastening these heads to the bed. The slid- 
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ing head would be made as at E for fastening to the toggle and the stationary block would be bolted to 
the bed as shown at A. In such a design the overlap below the top of the bed should be made suffi- 
ciently strong to resist the turning action from IVg. B and C show the application of gibs between the 
sliding head and the bed to take up side slack. In some classes of machines such an arrangement 
would be considered essential. If, however, heavy side thrusts were involved as in C this form would 
be questionable. With the bed planed to an angle as at C and D, the latter would be considered the 
stronger. 

166. Sliding Head: — Since the sliding head can not be rigidly fastened to the bed, it must be fitted 
to a set of guides. The most common fastening is shown in Fig. 72. Having the forces W^ and W^ 
acting on the pin and allowing all the reaction from the die to fall at the upper point of the head we 
have a cantilever beam acted upon by three forces and tending to break at some section as a, b. Tak- 
ing W, in two moments about a, and W^ in direct pressure we have 




Fig. 72. 
fp = ■2JX pressure; then \ij„ ~fp =/, we have -j^^ -^jj =/,. 

Let h = 5" and // = 1500 we have b = approx J^". 

If the fibre strength of tension and shear of cast iron be taken the same then b' = 6. 

In like manner the reaction W^ from the die may be taken at the bottom instead of the top of the 
sliding head, and the turning moment figured in this way to see if there is greater danger to the sec- 
tion fJian when taken at the top. 



1«7. Stationary Head: — The fastening of the stationary block to resist the force W^ in the large 
machines will call forth extreme care on the part of the designer. The simplest fastening is shown in 
Rg- 73- Take W^ = 2552 ; y ^ 4" ; x — 6", we have, disregarding the benefit obtained from the 
overlap of the bk>ck around the bed, 2552 X4— 6W ; JV = 1702S. 

It is now necessary to determine if the block 
will sUp with this force binding the two surfaces to 
the bed. Let the coefficient of friction between the 
blocks and the bed be * ^ say .3, then the resistance' 
due to the friction will be 1702 X '3 X 2 1^ 1021.2*. 
{Force normal to plane X coeff. of friction = 
Resistance parallel to plane). This is about 40 per 

cent, only, of the amount needed to keep the block 

Fig. 73. from sliding. We should now find out what force 

will be required in the bolt to just balance the 2552 pounds. Substituting in the formula IV t * X 2 =^ 

Wj we have W^ = ^- . = 4253.5 pounds exerted at the root of the thread tending to stretch the bolt. 

With / — 8,000, this will call for approximately .5"" area, or a i", diameter bolt. It is evident from 
this that some other arrangement should be used than a plain friction surface. In Fig. 74, A is very 
similar to Fig. 73; the lower block in this case engaging in a series of notches which protect it 





Fig. 74. 
against slipping- The upper block may slip slightly, but this will cause a greater grip and a conse- 
quent increase of frictional resistance. A possible improvement on this (if the construction of the 
machine would permit it) would be to have the bolt at an angle as shown in the dotted lines. 
Let this angle be, say, 30° with the horizontal, then from Fig. 75, A, 

,3 7" sin oc ^= resistance due to friction. 
" 3' cos oc ^ horizontal effort. 

.866 r+ .3X .5 3" ^2552. 

r = 2512 pounds = Ig'bolt. 
Fig. 74, B, will cause a tension on tlie bolt (dis- 
regarding friction) of T' — 2552 tan (0-^2.) Let 
B ^ — 90° then V — 2552 pounds = U " bolt, 

the same as 74 A. It is very evident that if friction 
were included in this it would reduce the bolt size 
somewhat below 74 A. C is probably not as strong 
In the shape of the tooth as A and B, but with a large tooth area the unit shear becomes small enough so 
that the teeth are not endangered. The vertical faces on the teeth reduce the vertical thrust on the bolt to a 
minimum and permit the use of a bolt just sufficiently strong to protect the block from turning as 
in Fig. 73. 

D is arranged to have pins to fasten into the bed either through the block, or behind it. Thesf 
pins keep the block from sliding and are calculated for shear, while- the bolt is calculated for turning 
as in Fig. 73. 

Another way in which these fastenings may give way is by shearing the Ijolt, Assume IV^ Fig. 




Fig. 75. 



73, entirely acting to shear, we have ■ ^^ — 



.-^ — .51'^" of bolt area- If this is taken as the full 

/ = say 5,000 -^ 

area of the bolt it would be [ J ' ' diameter. This shows a requirement about equal to those for ten- 
sion. In any form of fastening it is well to investigate both tension and shear and take the lai^er re- 
quirement. 

It should be understood also that, if the block clamps over the bed on planed ways, it will assist 
the bolt in holding the block down and a smaller bolt may be used. 



— Tlie calculation-! for the bed 
tame general shape, and 



p-ill be found to be n 
cross section 



plicated. Assume a 
Fig, 76. Assume 
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force Wj = 25529, acting at the middle of the block face a distance of say 2" above the top of the bed 
This force H^j tends to break the bed along some line as r i putting a combined bending and ten- 
sional stress on the fibres of the section. Considering the part to the right of the section as free we 
have, Fig. 77, the fibres on the upper or weakside subjected to two tensional stresses the sum of 

which should not exceed the safe fibre stress of the 
metal, i. e., f, -\- f^ =z fi ; and the fibres on the low- 
er side, subjected to a tensional and a compressionai 
stress, the algebraic sum of which should not ex- 
ceed the safe compressionai fibre stress of the metal, 
i. e., A + (- A) - f^ where 
/j = uniform tensional stress 
/j ^=^ stress due to bending 
ft, and ^0 =^ combined stresses. 
To obtain' f, and f. on the tension side take - 



~=i^ "=t;§ itr 



Fig. 77. 

I fs where Z - 



(i), —^= fi where A - 
: modulus of the section. 



area of section in sq. i 



Having selected the section of the bed as Fig. 28 we find the modulus to" be 

b h" — b' A" 



6 h 

values for b. 



It will be necessary here to select 
z 2"; &' = 1 J4"; fc = 6' and W = 4'. 
Substituting these values in the above we have 



X 2 

, h and /t' and make a trial solution. Take 



Z = ' X ""^ - '«^ ^ ^ ' X 2 = :8.8 
Substituting this value in (2) we have 

With the values of b, b', h and h' as ^ven, the area of the entire section becomes A = 12"" and 

?^ ^ 2i2.7lftl- = h 

then /, -f /, — 679 + 212.7 = 891.7 «"* = // 

Since the usual value of // for cast iron is about 1500 this shape and size of section would be 

stronger than necessary- 

Now, if the figures of the section be changed to read E 
values become 



j"; b' = lyi"; h = 5" and h' = 4" the 
10. = 



fi -]- h — 1126 + 319 — 1445- 
This seems to agree very well with the value of /, = 1500. Since cast iron is much weaicer in 
tension than in compression, the latter will not need to be investigated and the above figures can 
be accepted for the size of bed. 

Having found the shape of the simple section it is possible to modify it to a certain degree with- 
out affecting the calculations seriously. 

j_ * To illustrate, the portion abed Fig 78 may be 

lopped off and added to the inner side at a' b' c' d' 
without affecting the modulus. Fillets may then 
be added at the interior corners giving a shape sim- 
ilar to most bed tops. 

For the bottom, a slight deflection or slope of 
the web can be made as shown by the dotted lines 
and the result is very similar to a plain cast iron 
engine or lathe bed. Other minor changes such as 
slight curves instead of straight sides might be made without any loss of rigidity. In any case where 
the shape of the simple section is found and the designer wishes to increase the thickness of any part 
he may do so and the result is merely to increase the factor of safety. 

If under very heavy loads it is advisable to specify one or more steel I beams or channels from 
Cambria, this may be done by making a trial selection of a section and substituting the values of Z 
and A in the formulas as before. If this value f^ -{• f^ = f, =. i6,ooo the condition is fulfilled as in the 
■case of the cast beam. 

169. The final determination to be made in thi s dest^ is to obtain the length of the bed to prevent 
overturning when the load is applied. Let W^ Fig. 79 = the weight of the bed, then from the force 
diagram we have the following moments about the end at b. 



Flc 78. 
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W x-\- W% — {iV\ /, + W* /.) — H', /, = o . . . . (I) 

but W\ I, + IV^ /.) = W" /, and (l) becomes W x = W^ I, (2) 

The length of the bed may be obtained from (2) by adjusting the values of x and /„ such that the 

equation will be satisfied. 

To obtain the length howevef , in a more direct way the following can be used : 

If .r — / — /j and /, = /j -^ 2 then (2) becomes IV (I — I,) = W', /, h- 2 (3) 

Knowing the cross section of the bed in square inches, the weight of one inch in length would be 

.26 A ; the total weight of the bed being .26/, A. From (3) we get /,* = IV (l — la) -i- .13 A. 

Let ls^= I2 — a where a is the offset as shown, then Z^' := IV (I — /, -j- a) -j- .13 A, from which 

is obtained the formula 

'. = -3-8s^± V77(' + o)^+ H.Sl{^)' (4) 

In the above the factors IV, A, I and a are known and by substitution we get the length of the 
bed to just balance this force W- Any amount more than l^ as found will insure not overturning. 
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DESIGN NO. 2. 

170. A Belt Driven Punch or Shear is the machine selected to represent the second general design. In- 
cluded within this one machine are 
problems covering the design of 
frame, levers, gears, fly wheel, pul- 
leys, bearings, shafts, sliding head, 
punch, die, clutch, stripper and 
cam. The fact that this machine 
finds such general use in manufac- 
turing plants and that it embodies 
such a variety of designs makes it 
an ideal subject for analysis. Fig. 
80 shows a motor driven shear of 
the latest design. It is not expected 
that the following design will be 
for a motor drive but that the dis- 
tance between the bearings be F'*>- 80. 

shortened and pulleys used instead. In giving out the design the foilowing requirements will be 
made : First, the work to be accomplished, i. e., diameter and depth of hole to be punched or the cross 
section of the piece to be sheared; second, the distance from the edge of the plate to the center of the 
hole, or the depth of the throat of the machine ; third, the average cutting velocity of the punch or 
knife in inches per second, or the R, P. M, of the cam shaft. 

In the analysis of the methods employed in working up such a design, the frame sections will 
be carried out somewhat in detail because of the advanced character of the work; the rest of the ma- 
chine will be dealt with more briefly. Reference will be made to Part I for formulas relating to ten- 
sion, compression and shear. In making the assignments, the members of the class will be given 
values that will differ materially from those worked out here. The three preceding pages show a sam- 
ple set of drawings of such a machine. 

171. Required in the Design: — A machine to punch aone{i)inch hole through three quarters(5<i) 
inch mild steel plate, the center of the hole to be not greater than seven (7) inches from the edge of 
the plate. The velocity of the punch during cutting may be taken in this case as approximately 
one (i) inch per second. 

172. Fnuue: — The material used in the frame of such a machine is either close grained cast iron or 
cast steel. The general shape is about as shown in Fig, 84 and the sections of the frame Fig. 81 are 
either hollow cast iron as shown in B and C or web shaped steel as shown in A, Of the three sections, 
B and C are the most common. 

Let Fig. 87 represent the outline of the as- 
sembly drawing and x, x be the center line of the 
frame. On this line lay off the throat depth, say 
8 inches. Select the shape of the horizontal sec- 
tion, say B, from the standard forms and work out 
the size of the section by the method employed in 
the Bed, par. 168. Taking G" as the depth 
of the throat and /r as the distance from the edge 
of the casting to the center of gravity of the section. 




In applying the formula fj = 



W (h + G) 



there may be some confusion in obtaining a satisfactory 



value for Z owing to the unsymmetrical section. To get Z it will be necessary to determine the mo- 
ment of inertia I of the section and then find Z by the following: 

for tension Z =z - for compression Z ^^~ir 

Make a trial selection of some sizes for the section and find the neutral axis by cutting out a paste- 
board section and balancing it on knife edges, or by the following: assume any line of reference as 06 







70 + 20 


+ 54 


I = 


70 


>^ (7.3) 


+ 54!- 


(4.2)" + 20 


■4 X 
12 


is) 


: + 3z 


(i8)" 

2' 


1 ID X (2)- 
12 


Z 


= - 


10326 
9.8 


■054 


for tension 


z 


=- 


10326 

iS-2 


= 679 


for compress 



Fig 81, take the algebraic sum of the moments of each rectangular section about this line of refer- 
ence and divide by the total area ; this will give the distance x between the line of reference and the 
neutral axis ^ ^ of the section. When g g \% determined find I by the. following: To the sum of 
the products of each area by the square of its distance from the neutral axis add the moment of in- 
ertia of each section about its own neutral axis. It will be remembered that the moment of inertia of 
any rectangle about its own neutral axis is I ^ b d^ -^ 12 where d := the total height of Ihe section. 
Assume the section with sizes as shown in Fig. 82, thei* 

- 70 X "-5 - 



10326. 



Fic. 82. 

The value W in the formula is the load on the punch and in this case, if the ultimate shearing 
stress of mild steel be taken at 55000 pounds per square inch, it would be 129,591 pounds. 

Considering the section only on the tension side we have f^-r f„— (^ = 900 + 2189 - 
This fibre stress would be large for cast iron hence another section must be selected. 
Take for a second trial the section Fig. 83, we have if worked as above 

X = 2.97" 
I = 21049.44 

_ ( i58o for tension 
' " I 1317 for compression. 
^ + /^. -A=2I54«"" 
In like manner we may work out the compression 
side by fi — fs^ tc. ] 

Any other section of the frame can be determined ,1 
by working out f, as shown above and ; , 
combining with it the value of fi=W cos « -i- area. 1 
The value of f^ is a maximum when a is zero and ; \ 
Fi<i- 83. becomes zero when a is 90°, It will be seen. Fig. 

84, that at section A, /, — W -;- area A; at B, /j — 
Fb -*- area B. but Fb = W cos a. hence /", = W 
cos a -i- area B ; at C. f = W cos " -i- area C and 
so on until /, becomes zero at section E. At this 
point the frame should be examined for bending 
and shearing and the larger requirement taken. 
In all probability section E will be made larger 
than the calculated size to accommodate the fin- 
ishing around the head. It will be satisfactory in 
this design if we obtain sections at a = 0°, 45° and 
90°. 

To find a section at say o — 45° determine the 
height of the gap from the character of the work 
to be performed and draw the outline. Assuming 




some section of the frame as Fig. 85, and solving for the fibre stress as before, we find 

X = 2,6/' 
I = 15655- 
Z, = 1382. 

f, + f,= 1872811". 

Note. — In finding M in M = / Z the lever arm 
varies approximately with the cosine of the 
■ . Fic. 85. ='"ele a. 

For the vertical section t«ke Fig. 86, in which case we have, 
X = 3.26" 

I = 441179 
^' = 655. ' 

/■, — 791 which shows that the sec- 
tion could be materially reduced if It were desired. 
This reduction could very properly be made ac- 
cording to the dotted lines. 

Fig. 86. 

To investigate for shearing on the vertical section we have, allowing the shear to be absorbed by 
the entire section: 



136 



-953»"" 



173. Having determined several important sections in the frame, the outline can be drawn in on 
Fig. 87, This outline will of course be modified somewhat for the shaft, head and leg. 
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It will be noticed that a somewhat larger iibre stress has been allowed in this frame than in the 
material as used in the toggle frame. This is about as would be expected ; any casting planned to fill 
a very important place in the design of any machine would be made of the best clo*!e grained gray 
iron. It is advisable to keep the size of this frame as small as possible consistent with strength and 
since the best of cast iron would have an ultimate strength of 25,000 to 30,000 pounds it would be con- 
sidered safe in this to allow a fibre stress of 2,000 to 2,500 pounds per square inch, which corres- 
ponds to a factor of safety of 12. 

The shape of the section may be varied to suit the conditions, from a large and thin section as 
here treated, to a small compact and possibly solid section. The latter condition prevails in some 
machines where the gap is long and the main section would be necessarily crowded into the smallest 
space. 

Cast steel frames are very common, especially on the larger machines. When made of steel the 
frame section may be made much smaller, /t = 12000 to 15000*"". 

Tension bars are provided for machines with long gaps. These bars are very necessary when do- 
ing heavy duty. 

174. Shaft: — The shaft which would be planned according to Figs. 88 or 8g would be made of 
hammered steel. B, Sj and S, are journals ; C is tlie 
\ cam which operates the punch. The greater part of 
)1 the thrust from the punch is absorbed at the journal 
'^ Sj, Sj being added chiefly to reduce the strain due 
''"■■• °°- . to bending. 

In designing the shaft the diameter of the part a should be figured to resist the twisting moment 
from the gear x, allowing the fibre stress of about 6000 5"" for shear. It will be noticed that the ro- 
tating force also produces a bending moment on the shaft, this bending moment however, is so small 
compared to the twisting moment thaX by taking alow fibre stress as above, it may under ordinary 
conditions be neglected. The length of the journal may be taken from 2 diameters to 2.5 diameters 
of the shaft. The length of b will be quite variable and will be governed by the frame of the machine. 
The diameter of b will depend upon the judgment of the designer ; in some shafts it is made equal to 
the diameter of the left journal while in others it is enlarged to the size of the main journal. A high 
speed machine would require a larger shaft than a slow speed machine, because of the heavy shocks 
to which the shaft is subjected. 

The diameters of the main journal and the cam will be correlative. Take the size of the cam such 
that the pressure per square inch of projected area will not exceed 8000 pounds; say 5000 pounds for 
Fig. 88. The length of the cam will vary for ordinary sizes of machines from 3 inches to 6 inches 
and the diameter from 5 inches to 10 inches. When the cam is planned, make the main journal flush 
with the near side of the cam. The diameter of B^ then will be governed by the eccentricity of the 
cam. The length of the main journal should be such as to give not more than 3000 pounds per 
square inch of projected area, assuming the entire thrust to be absorbed at this journal. 

In some machines it is desired to have the journal S, as short as possible and have the diameter 

larger than the cam. This can be done as shown ^ 

in Fig. 89. This form of shaft should have the cam I TTTT 

figured for about 8000 pounds instead of 5000 I |/\' 

pounds as before. P g^^ 

The frame of the machine should be fitted with a phosphor-bronze bushing K inch to ^ inch 
in thickness surrounding the journal Bj. This bushing is made a forced fit with the frame. 

The size of Sj would vary between 2 inches and 4 inches for both diameter and length. 

In any machine of this kind it is safe to allow about 15 per cent for the friction of the parts 
while performing the heaviest duty. The total pressure to be accounted for at the driving end will 
then be 129591 -=- .85 = 152460 pounds. If the eccentricity of the cam be taken the same as the thick- 
ness of the thickest metal to be punched = }i inches, the twisting moment from the gear side will be 
approximately ^ X 152460 = II4345 ""■ Applying this to the formula for twisting, par. 60, it gives 
d = 4.59 inches. Calling this 4.5", it represents the diameter of the shaft at the smallest section. 



&@ 



The cam diameter, assuming a length of 4" a nd a pressure per square inch of 5000 pounds is 
: 6.5 inches. 





5000 X 4 120501 

if, will then be 5" diameter and if we allow 2500 J"" pressure will have a length of ^r^^w"; 

10.4 inches, say n inches. 

Bj may be taken say 2j4 inches long by 3 inches diameter. 

176. Sliding Head:— (")f the different forms in 
use, two of the very common ones are shown in Figs. 
90 and yi, the former being more common in the 
smaller types of machines. The chief objecdon to 
this form is its liability to wear unevenly thus caus- 
ing lost motion and an irregular movement of the 
block while punching. 



Fig, 90. 

In the latter form, the entire thrust is carried on a steel block set into 
the sliding head and the wear, if any, is practically uniform. The size of the 
ijearing surface in the steel block may be taken from the crushing strength 
of the steel. If this value be taken for the best carbon steel at 150,000 
pounds with a factor of safety of 10, the projected area of this bearing will be 

'_2?591 - 
15000 

the breadth of the bearing will be 2,15 inches say 2j^ inches. The breadth of 
the sliding head will be seen to depend upon the construction of the vibrating 
-arm. Make the vibrating arm of cast steel and allow from ^ inch to lJ4 
inches at x and a small clearance at y. The values a and b will depend upon the width of the framed 
section. 

176. After planning the sliding head locate approximately the center Hne of the cam shaft as c.c. 
Fig. 87. In locating the pulley shaft D D it will be n ecessary to first find the diameter of the gears. Since 
the R. P. M. of the small gear is the same as that of the pulleys this value may be taken from the fol- 
lowing table, No. XIX, which represents current practice. 




:; 8.6 square inches, from which if the length of the cam be 4 inches. 
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TABLE XIX. 



Machine will Punch 



'A" X H" 
^H" X M" 



2" X 



Diameter of Pulley, ; 



30 



200 to 250 

200 to 250 



150 to 175 



Knowing the angular velocities of the two shafts the diameter of the small gear may be assumed 
and the distance between the shaft centers obtained. In this machine if the cutting speed of the punch 
is one inch per second, the center of the cam will travel approximately 60 -;- 4.71 ^ 13 R. P. M, Calling 
this 15 R. P. M. and the R. P. M. of the pulley shaft 150 the ratio of the gears is 10. With 4^^ indies 
as the diameter of the pinion, the shafts will be 24^4 inches between centers. 

Note. — The value 4j^ as the diameter of the pinion was taken merely for illustration. This would 
be rather small for the construction of a perfect tooth. 

177. Fly Wheel Weight:— In determining the weight of the fly wheel for a machine of this kind the 
results may vary between wide limits from a wheel such that its kinetic energy will just equal the 
energy absorbed by the machine during punching, in which case if we disregard the belt's action, the 
vekcity of the wheel would become zero after each hole punched, to a wheel of such a size that the 
residual energy will be sufficient to keep the speed fairly constant. Current practice approaches the 
former and in this consideration will be adopted. Having given the force to be accounted for at the 



driving end as 152460 pounds, assume that this force acts through say a maximum of J4 the total deptli 
of the cut which is }i inch or ^^ foot, the energy exerted would be 4764 foot pounds. Take the formula 
W v' -f- 2g — Kinetic energy of any moving bfxiy and apply the formula to the mean rim diameter. 
Assuming 36 inches as this diameter we have : 

Wv* 
^ = 4764! W — 553 pounds. 

178. Ann: — The fly wheel arm may be calculated as follows : Estimate the time required in punch- 
ing one hole then find the distance through which a point on the center line of the rim will move during 
this time; this will be the value V in P V = 4764. Since there are 15 R. P. M., each revolution will 
lake 4 seconds. Assuming the velocity of the punch during action to be the same as that of the cam 
center we have V — 3.1416 X i-5 -i- 4 = 1.1781 inches per second. " The time occupied in punching is 
}i -^ 1.1781 = .318 second. The velocity of the rim of the wheel is 1413.7 F. P. M. = 23.56 F. P. S., 
from which we find that the rim will travel 7.5 feet before stopping. Applying P V := 4764 

P = 635 pounds. 

The value P may be found in another way. Find the force p at the gear, Fig. 92; from the mo- 
ments around the cam shaft, this is 




P 



— 5082 pounds. 
4 X 22.5 ^ ^ 



_ 152460 X 3 _ 
^ 4 X 22.5 

then by moments around the driving shaft 



Fig. 92. 



4 X 18 



Having found F, obtain the large dimendon of the arm at the center of the shaft from formula 



^ it /^" P R _ , A ~~~635 X 18 _ „ _ , 

(^ 6 X .05 X 1000 ~ V 6 X .05 X 1000 ^ ^-^^ - 3^ 
For details of shapes and sizes of rim, arms and hub see par. 113. 

179, Worldng Depth of the Oat: — The actual cutting depth of a punch or flat shear is used in 
determining the foot pounds of work done at the tool, and is a certain percentage of the total thick- 
ness of the metal. This percentage varies somewhat with the kind of the metal, but for mild steel it 
has been found by experiment (American Machinist, Oct, 12, 1905) to be 

Thicknesfl of Metalin inches 1 Ji" ^ >i J* A X A f» A 1^ -j^,- 
Penetration in percent 35 .31 ,34 .37 .44 .47 .5 .56 .62 .67 .75 .87 



180. The mft'iriniiini ponchin; or Bbeeriag force is used in calculating the frame sections. The 

ultimate shearing stress of the metal to be cut multiplied by the area gives the maximum load on the 
punch or flat shear. If the greatest load on a bevel shear is desired, multiply the maximum load on a 
flat shear by the following: 
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8° Bei.. .23 

Look up articles on the Shearing of Metals in the American Engineer and Railway Journal, Vol. 
67, Page 142. 

181. Driving' Sh&ft: — This shaft will be subjected to both bending and twisting. With the bearings 
close up to the pulley and gear the bending will not be great and the shaft may be designed to resist 
twisting with / taken at 6000 the same as in the cam shaft. Worked out in this way the diameter 
• 'comes 2.2 inches say 2j4 inches: 



182. Pulleys :— To determine the width of belt 
and pulleys to use, no definite rule can be stated.Cur- 
rent practice ranges from a 2 inch belt on a J4" x 
%" machine to a 6 inch or 7 inch belt on a 2" x 1" 
machine. It is suggested however that the diameter 
of the wheel be selected and the effective pull P 
on the belt obtained assuming the punch to be act- 
ing all the time, then multiply this by the per cent 
of time the punch is actually in service and figure 
the belt from this result. 

The belt sizes obtained in this way will in all 
probability not be very satisfactory and. the sug- 
gestion is made merely to stimulate investigation. 
Satisfactory sizes can be obtained from catalogs as 
a final resort. 

For sizes and shapes of pulley parts see par. 115. 
183. Clutches: — In operating any machine hav- 
ing an intermittent motion a clutch is commonly used 
to serve as a connector between the power supply 
and the work. The application of the clutch to the 
simple punching or shearing machine is shown in 
^'S- 93- ft is usually applied directly to the hub 
of the large gear and is operated through a system 
of levers and, cranks by either hand or foot. When 
the punch is not operating, the large gear which is 
designed with a long hub to act as a bearing runs 
loose, the shaft remaining stationary. The clutch 
sleeve slides on the shaft over a splined key and 
when the punch is to be operated this sleeve is 
thrown to engage with the corresponding part on 
the gear hub. When the bole is punched a counter 
weight brings the sleeve back to its former position 
and the movement of the punch ceases. 

Clutches are formed with either two, three or 
four jaws. These jaws maj' be formed as a part 
of the wheel hub as shown at A and B, cast from 
steel and bolted to the flat face of the wheel hub 
as shown at C, or cast from steel and fitted to the 
interior of the wheel hub as shown at G. In heavy' 
work C and G are preferable. 
The part of the clutch subjected to the greatest wear is the front face of the jaw. This is some- 
times faced with a plate of high carbon steel which can be replaced when necessary with a fresh one. 
The rear face of the jaw is usually perpendicular to the front face of the wheel but is sometimes cut 
to an angle of 30 to 45 degrees. There should be sufficient clearance between the jaws on the sleeve 
and the wheel to enable them to be easily thrown together while in motion. This should be from 
li inch to j4 inch. 

The clutch sleeve may be shaped as shown in either D c 




FtG. 93. 



meet average requirements. 



r F. The following sizes table XX, will 
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. There are two general methods of designing the transmission device ; the first and simpler one E. 
having the clutch between the gear and the frame, and the second H, having the gear between the 
clutch and the frame. The latter method necessitates a hollow shaft in order to obtain a rigid con- 
nection between the sleeve and the clutch and is not much used on small machines. 

184. Punch, Die, and Holdera:— In all punch and die work the (fie is made some larger than the 
punch for clearance. The action of the punch on the material is shown in A, Fig. 94 ; the hole being taper- 
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ing, having the-Sie^of the punch on one side and the size of the die on the other. This taper is slight 
ajid is considered of no consequence in rov^ work but in finished work it is a difficulty that can only 
be remedied by reaming the hole afterwards. 

There are various methods of fastening the punch to the sliding head; B shows the bottom of the 
sliding head fitted with the square ended socket H and punch /, each held in place by set screws. The 
screw ended socket G may be used equally well instead of the square shanked socket H. C shows the 
bottom of the head flanged and drilled for the attachment of either punches or shears. In single 
machines it is desirable that both punching and shearing be done ; where such is the case this is a good 
form. Side adjustment of the punch may be easily made if the head be slotted as at D and fitted with 
a tee block as B- Dies are made from high carbon steel and are held in a holder such as F; the holder 
is in turn bolted to the horizontal face of the frame. A certain amount of adjustment is necesary in 
locating the die consequently the holder is made in two parts. 



The application of punches and shears to machines is well shown in Kig. 95. 




PUNCHING TOO^. 




SPUTTWG SHEAR TOOLS. 



CROssorr shearing tools. 



Fic. 95. 



The type of punching tool in most common use is that shown in the following figure. The sizes 
of the various parts arc obtained as a matter of experience rather than from calculation. In order that 
each designer may have quick reference to accurate data on this nact the following'- tahW Idndly^fur- 
nished by Messrs. Williams,- White and Co., Moline, Ills, sr-- -\nied. m rclerring to these tables it must 
be understood that all punches included under one letter are the same length and fit the same coupling 
nut. It should also be stated that reducer couplings are sometimes' provided so that the same stem may 
be used for different sized punches. 

The smallest sizes of punching and shearing machines are operated by hand power or foot 
power ; medium sized machines are operated almost exclusively by belt and the ...■., :st machines are op- 
erated by belt, steam, water or electricity as shown in Figs. y7, 98, yy and 100 respectively. Tlitsi 
designs show present practice and are added to enable the designer to become more familiar with the 
form of the parts and the make tip of the machines in general. 



It will be noticed that in the larger machines the frame is of such a size as to project below the 
floor, the weight being carried on legs or lugfs cast on the side of the frame. It will also be noticed that 
arrangements are made at the top of the frame for the attachment of a crane to assist in handling 
the material. 
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Fic. 96. 



Fig. c)7. 
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Chapter Vll 



rmST ALTERNATE. DESIGN NO. 1. 




186. AssigtUDMlt: — In this design the lever is placed within the bed rather than above it. It will 
be noticed that the end of rtie be<l ii slotted to allow for a movement of the lever arm between the points 
x and y. The weakening of the bed due to this slot nee<l not be considered a serious matter. With 
a long and shallow bed however, the movement of the arm will be small and will give a very slight 
movement to the sliding block. For our purpose this machine may be designed merely to exert a pres- 
sure between the two sliding blocks in which case a very slight movement is all thai is necessary and 
the form shown will be satisfactory. 

In case the movement of the sliding block is desired greater than that allowed here, the lever may 
be arranged as shown in the lowei- figure. 




SECOND AL1XBNATE, DESION NO. 1. 





186. ABfligtuneut: — This design follows the principles laid down in No, i, with two exceptions. 
First, the lever l' here becomes so small that a separate crank can not be used and an eccentric is sub- 
stituted, the length of the lever !' being- the distance between the centre of the shaft and the centre of 
the eccentric. Second, the thrust of the sliding block is received through a screw directly against the 
base of. the frame. A hollow rectangular section is suggested as the best shape of the frame. 
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THIBD ALTERNATE, DESiaN NO. 1. 




187. Aasignment: — W = (Not over loo*) 1= (6o" to 72") ; /' = (3" to 6"); ^ = 

This machine can be used for all kinds of light press work where but a small movement of the 
ram is needed. Where this movement is desired as great as possible, increase /' and decrease 1, also 
reduce the length of the toggle members. 

The ram may be made rectangular in section and the forming dies need not be developed. The 
frame is hollow and the lever / is fastened on the plane of the toggle. 

For illustration of a similar machine see 1900 catalog of the Niles Tool Works Company, Page 
390. 



FIRST ALTERNATE, DESIGN NO. 2. 
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188. Auignmfiiit:— 

Kind of material to be sheared 

Width of plate to be sheared, 

Thickness of plate to be sheared, 

Greatest depth of throat, 

Strokes of the ram per minute, 

The frame sections may be calculated if desired to a regular outline as shown in the dotted lines, 
after which modifications in this outline may be made by approximation. A better way, however, would 
be to sketch the approximate longitudinal frame section as above and figure for each of the several 
irregular sections, as A, B and C. 

For description of machine and outside view see 1903 catalt^ of the Nijes-Bement-Pond Com- 
pany, Page 575. 



SECOND ALTERNATE, DESIGN NO. 3. 



189. Aflsignment: — 

Kind of material to be punched 

Size of largest hole punched, inches. 

Thickness of the plate inches. 

Distance of centre of hole from edge of plate inches. 

Number of holes punched per minute 

Horizontal punching machines may be designed in the same general way as the one described in 
the notes. It will be found that the frame sections may be calculated in the -same way although the 
frame not being so regular will require a little more care in selecting the shaper and sizes of the various 
parts of the sections. 

Machines of this type iisuallj- have a more shallow throat than the vertical type. 

The line of the punch centre may be raised from the centre of the ram to the upper edge and is 
found convenient when punching near a shoulder. 

For description of machine and outside view see 1900 catalog of Niles Tool Works Company, 
Page 291. 



Am HOIST, DESION HO. 3. 
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190. AmigmaeDt: — Capacity in free load pounds. 

Weight of parts and friction per cent. 

Air pressure pounds per square inch. 

Lift feet. 



KINEHATIO SHEET No. 1. 

Planw 0am. 




h, Aiv of cam. 



191. ABsignmeiit : — 

A and C are loose pulleys, B is a tight pulley. 

D is fastened to frame of planer. 

/ moves back and forth, oscillating link F about G. 

E is rigidly connected to F by Ret screw. 

Levers and P are pivoted at m and n on D. 

Q and R are rollers fastciic<! to the shifting levers. 

Diameter pulleys .' Width of fast pulley ; 

Length of shifting levers Width of loose pulleys, each 

S = * = 

Construct curve of cam so that the shifter will be constantly accelerated during first half of its 
motion and constantly retarded during latter half. 



Diameter of Cylinder 



Depth of groove . 



Diameter of roller. . 



r,eiislli of arm G. , 



fxiijith of a 



KINEMATtC SHEET No. 2. 

Oam of Home Sewing Machine. 




Drawn to Scale. 



Design a cylindrical cam similar to that shown in the sketch to engage a rocker arm. Divide the 
motion into 24 time periods. The follower is to move with a constant acceleration during four time 
periods: during the next eight period.s it is to move imiformily with the velocity attained; during 
the next four periods it is to come tt) rest with a constant retardation. The return motion consists of 
eight time periods; during the first four periods it is to be constantly accelerated and during the re- 
maining four iK'riods it is to be constantly retarded. 

Rc([uired full projection of cam outline on the cylinder. This will require the development of the 
cylinder at top and bottom of groove. 
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KINEMATIC SHEET No. 4. 



Riles IncHia Gawirtor. 
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KINEMATIC SHEET No. 6. 



Straight -Line Gavem*n 
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KINEMATIC SHEET No. I 




EINEHATIO SHEET No. 7. 




KINEMATIC SHEET No. : 




KINEMATIC SHEET No. », 




KINEBUTIO SHEET No. 10. 




KINEMATIO SHEET No. 11. 




ORIGINAL PROBLEMS IN THE STUDY OF THE EINEMATIOS OF MACHINES. 

Illustrative problems, in tlic study of the mechanical movements of machines, are given in the 
American i\Jachinist once each month, beginning Dec. i, 1904. In order that original ideas may be de- 
veloped, it is proposed that a Hne of bending or forming machines be designed. Attention will be paid 
exclusively to the kiiiemaiics of the machines and no parts will be figured for strength. 

The following shapes of bent wires are suggested, from which a selection may be made. Any 
other machine, however, employing a system of cams may be used instead; as for example, a bolt 
keadiuff mwhiiic. 

KINEMATIC SHEET No. 12. 
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Punch or shenr. belt driven, DeslKn No. 3. 
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